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dates the procedure. Sweating is a physiological process aimed to increase 
heat loss by evaporation. When active sweating begins, the proportion of 
heat lost by evaporation may increase quite rapidly (136, 377). In addition 
sweat may fall from the body or be absorbed by clothes and bedding, thus 
escaping vaporization on the body. Water thus lost as liquid from the skin 
has no value in the elimination of heat. 

When the method is applied to the measurement of total metabolism it is 
subject to the same sources of error. In addition Heller and Schwartz (158) 
found, from a statistical analysis of all published experiments in which both 
total heat production and water of vaporization were measured directly, that 
when heat production exceeded 2200 calories the proportion of heat lost by 
vaporization fell below “24 per cent. This is not more than 50 per cent higher 
than the normal basal rate. DuIJois and Hardy (111) also found that slight 
exercise, such as shivering or pretended shivering, altered the proportions of 
heat lost by vaporization, radiation and convection. 

In calculations of the total metabolism from insensible perspiration there are 
certain other sources of error. The estimation of the food value and the 
measurement of the solids of the ingesta are subject to considerable error (200). 
The assumption that all carbohydrate that is eaten is immediately burned is 
not entirely consistent with the facts. In spite of these difficulties the method 
has proved useful for the measurement both of water balance and energy ex- 
penditure during physiological experiments on selected subjects (180) under 
controlled conditions. It is of little clinical value. 

For more extensive discussion of the subject see Lavietcs (200) an.d Peters 
(283, Chap. VII). 

THE INTERCHANGEABILITY AND STORAGE OF DIFFERENT iOODSTUFFS 

Conversion oj carbohydrate to j at (219) (see also chapter on Carbohydrate 
Metabolism). Carbohydrates and fat may be used indiscriminately for the 
production of heat and energy. If, at any lime, more carbohydrate becomes 
available than can be used for immediate combustion, the excess may' be stored 
in the body for future use. The amount of this that can he laid up in the liver 
and other tissues as glycogen is, however, limited. 

Amounts of carbohydrate in excess of the glycogen capacity can only be 
stored after they have been converted to fat. During such conversion respira- 
tory quotients may rise above unity, in animals as high as 1 3 or 1 4, because a 
substance rich in oxygen is converted into one which is relatively' poor in oxygen. 
The conversion also involves the expenditure of a certain amount of energy'. 
Evaluations of the energy' expenditure and the respiratory quotient of the 
conversion have been made by' a variety of methods that involve the assump- 
tion of intermediate reactions, although these are unknown, and the estimation 
of the heat value of the so-called “extra CO*” evolved (219). The general 
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order of magnitude of these values can, however, be estimated more easily by a 
direct method, based on the chemical composition and the caloric value of fat 
and carbohydrate. It is assumed that any extra energy required for the 
conversion is derived from the combustion of carbohydrate and that carbons 
not directly utilized for formation of fat are oxidized to carbon dioxide. The 
formation of tristearin from glucose may be selected as an example, because 
this will require greater energy expenditure and will yield a higher respiratory 
quotient than will any shorter acid or the conversion of starch, 

1 gram molecule of tristearin, CsjHhoOj = 890 grams. 

9.5 gram mob. of glucose are required to provide the carbons to form tiistea- 
rrn =* CjjHiuOst =» 1710 grams. 

The caloric value of 890 grams of tristearin — 890 X 9.3 — 8270 Cals. 

The caloric value of 1710 grams of glucose = 1710 X 3.8 =» 6498 Cals. 

This leaves a deficit of 8270 - 6498 = 1772 Cals. 

Therefore, to form 1 gram mol. of tristearin, in addition to the 9.5 gram 
mob. of carbohydrate required to provide the necessary number of carbons, 
enough glucose must be consumed to furnish an extra 1772 Calories, The 
caloric value of 1 gram mol. of glucose *= 180 X 3.8 = 684 Calories. The 
number of molecules of glucose required for extra energy production, is then 
1772/684 = 2.6. 

This means that for each mol. of glucose converted to tristearin 2 .6/9.5 =» 
0.27 additional mol. must be burned, or 1 extra mol. for each 3.7 mob. con- 
verted to tristearin. The problem can be stated in another manner. If the 
caloric values of 1 gram mol. of tristearin and glucose, respectively, are 8270 
and 684, then 8270/684 *= 12.1 mob. of glucose will be required to produce the 
Calories produced by 1 mol. of tristearin; but only 9.5 mob, of glucose are re- 
quired to provide the carbons for 1 mol. of tristearin. 

These are minimal figures for the energy expended in the conversion. They 
evaluate within the accuracy of the factors used, however, the deficit of heat 
in the transformation, if nothing but carbohydrate is involved, because the 
extra heat spent in energizing this transformation will not appear in calorimeter 
measurements, during the transformation. It can not be used for the produc- 
tion of energy immediately; but is stored in the fat to be liberated again only 
when the fat is burned. 

From the structure of tristearin and carbohydrate it is evident that the con- 
version of 9.5 mols. of glucose to 1 mol. of tristearin will involve the loss of 
51 O + 4 H or 2 11*0 + 24.5 0-, without the production of any CO 2 . The 
combustion of the extra 2.6 mob. of glucose will require the consumption of 
about 15.5 mols. of O* with the production of an equivalent amount of COj 
and HiO. The total reacl'on, therefore, will result in the production of about 
9 mob. of Oj and 15.5 mob. of CO-. 

In actual point of fact, of course, elimination of oxygen in excess of COj is 
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never observed. This is not difficult to understand. The conversion of carbo- 
hydrate to fat is not an energy-liberating, but an energy-consuming process. 
While It is proceeding the energy needs of the animal must be maintained by 
the synchronous combustion of other fuel which will have a major influence 
upon the o\erall respiratory quotient. This can be illustrated b> another 
example. 

Let it be assumed that an individual is using 2000 calories per day, of which 
250 is derived from protein, the remaining 750 from carlmhydrate. In addition 
enough carbohydrate to make 1000 calories is used to form fat. 

1750/3.8 = 460 grams of glucose, spent for energy production, requires the 
consumption of 343 liters of O* and the production of 343 liters of COj. 

1000/3.8 «“ 263 grams of glucose will be used for the formation of fat. Of 
this 55 grams will be burned to provide energy for the conversion, with the 
consumption of 41 liters of O 2 and the production of 41 liters of CO 2 . 

The remaining 208 grams of carbohydrate will produce 10S grams of fat, 
with the liberation of 63.5 liters of Q*. 

The resultant overall non-protein respiratory quotient, then, will be 


CO, 

O, 


343 4- 41 
343 +41 -635 


334 
320 5 


1 20 = R.Q. 


If starch were substituted for glucose in these calculations the respiratory 
quotient would be about 0.06 lower. If tripalmitin were substituted for tri- 
stearin it would be stilt lower. In any case the estimations serve to indicate 
the order of magnitude of the energy consumption and the respirator)' quotients 
that attend the formation of fat from carbohydrate. They also demonstrate 
clearly that even the most rapid production of fat from carbohydrate can not 
raise the overall respiratory quotient far above 1.00. Certainly it can never 
change the sign of the overall respiratory quotient. Nevertheless, the trans- 
formation of itself does liberate oxygen; it also causes the storage of energy. 
Consequently, when the conversion of carbohydrate to fat is proceeding at a 
sufficiently rapid rate to yield a non-protein respirator)' quotient greater than 
1.00, neither direct nor respirator)' calorimetry is a true measure of energy 
production and the two ran not be expected to agree. However, so Jong as the 
non-protein R.Q. lies Itetween 0.71 and 1.00, it indicates accurately the net 
destruction of carbohydrate and fat, even if some carbohydrate has been 
transformed to fat during the period of operation. 

From the standpoint of energy-production and the nature of the fuel con- 
sumed by the body it is a matter of complete indifference whether carbohydrate 
is burned directly or after intermediate conversion to fat. Furthermore, be- 
cause the respiratory quotients of the two processes are identical, there is no 
means of distinguishing them. From the standpoint of physiology, however, 
great significance attaches to the fact that there are alternative routes for the 
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metabolism and combustion of carbohydrate. The assumption that only gross 
excesses of carbohydrate are converted to fat arises from the general doctrine 
that fat in the storage depots is relatively inert material, mobilized only when 
it is required to serve a» fuel. This static concept of tissue fat is untenable, 
since Schoenheimer and Rittenberg (321) have shown that there is a constant 
and rapid exchange of fatty acids in the fat depots. It is highly probable that 
some carbohydrate is at all times converted to fat and that the metabolism of 
carbohydrate through this channel becomes accelerated under certain physio- 
logic or pathologic conditions not necessarily connected with the provision of 
excessive quantities of carbohydrate. In no other manner could the well fed 
animal, receiving large amounts of carbohydrate at intervals during the day, 
spread the utilization of this food over the whole 24 hours. The capacity of the 
glycogen stores in the liver is altogether too limited. The fat depots are, 
however, highly distensible. By means of heavy water Stetten and Boxer 
(339a) have recently shown that when a well-fed rat is given glucose, the major 
part of the sugar which is not burned directly is converted to fat, not to glyco- 
gen, before combustion. The fasted rat, on the other hand, converted a far 
larger proportion of glucose or lactic acid to glycogen (50a). 

The site of the conversion of carbohydrate to fat is not definitely known, 
but recent work suggests that the adipose tissue itself is capable of bringing 
about the transformation. Tuerkischer and Wertheimer (364) have observed 
that when starved rats are placed on a diet rich in carbohydrate, glycogen in 
quantities as great as one gram per cent may accumulate in the adipose tissue 
along with fat for periods up to 4 days after realimentation. They suggest 
that not only can the adipose tissue synthesize glycogen, but it can also effect 
the conversion of this carbohydrate to fat. In a further paper from the same 
laboratory Mirski (260) reports that the adipose tissue of rats is able to phos- 
phorylyze glycogen to glucose-I-phosphate and to synthesize glycogen from 
this ester. The respiratory quotient of adipose tissue, taken from rats after 
carbohydrate feeding and suspended in a glucose-serum medium, averaged 
1.25; while even tissue from fasted rats in the same medium yielded an average 
R.Q. of 1.15. Evidently the tissue was able not only to synthesize and oxidize 
carbohydrate, but also to convert a portion of the carbohydrate to fat. Tep- 
perman (353), using a different technique, has come to a similar conclusion. 
He measured, after subcutaneous injection of glucose, the respiratory gas- 
exchange of rats which had been trained to ingest large quantities of a carbo- 
hydrate-rich diet in the short space of one to three hours. The average respira- 
tory quotient was 1.25, which fell to 0.95 after evisceration, but rose again to 
1.16 when insulin was injected. Evidently the peripheral tissues were able to 
convert a portion of the injected glucose to fat, provided an adequate rate of 
carbohydrate oxidation was maintained. 

It has been rather generally assumed that if less carbohydrate is fed than is 
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needed for the energy requirements of metabolism, it is burned in preference to 
fat. It has also been assumed frequently that if an individual is given sufficient 
carbohydrate, fat and protein to meet his metabolic demands, he will burn the 
food given rather than his own tissues. These assumptions are not always 
valid. Richardson and Mason (301), by means of the respiration calorimeter, 
determined the quantities of endogenous protein, fat and carbohydrate oxidized 
by diabetic patients at rest. When tills endogenous diet was replaced by an 
identical food mixture with the addition of considerable quantities of fat, 
respiratory quotients indicated tliat the patients often oxidized more protein 
and carbohydrate and less fat than they received. In other words they burned 
protein and carbohydrate derived from their own tissues and utilized a portion 
of the dietary fat for storage. When, because of the absence of carbohydrate 
from the diet, the glycogen of the liver is reduced and the conduct of metabolism 
is taken over by protein and fat, oxidation of carbohydrate becomes greatly 
retarded Under these conditions, if carbohydrate is ad ministered its oxidation 
is not immediately accelerated. Tor a distinct interval the load of metabolism 
continues to be borne by protein and fat, while carbohydrate is stored as 
glycogen. A similar sequence of events seems to follow the restoration of the 
ability to burn carbohydrate in the diabetic animal. Likewise, when carbo- 
hydrate is removed from the diet, protein and fat do not take over the whole 
load until liver glycogen is greatly depleted. 

Conversion of fat to carbohydrate (109, 1 10, 219, 322, 335, 336, 337). (See also 
chapters on Carbohydrate and Lipids.) Gljcerol, fed as such, is quantita- 
tively converted to glucose or can be used for formation of hepatic glycogen 
(76, 96). Experiments by Deuel (96) indicate that glycerol derived from the 
hydrolysis of fats is subjected to the same metabolic processes. It is extremely 
doubtful whether glucose can be formed from the fatty acid fraction of fat. 
The totally diabetic animal excretes in the urine no more glucose than can be 
derived from protein and other known precursors of glucose. Since fat con- 
tains a far smaller proportion of oxygen than carbohydrate does, the conversion 
of fat to carbohydrate would require the consumption of a relatively large 
amount of oxygen and would yield a respirator)’ quotient far lower than 0.71, 
that of pure fat. Stadie (336, 337) was unable to detect any evidence of 
glycogen production from fat in the livers of diabetic animals, nor was the 
oxygen consumed by these livers sufficient to permit the transformation of fat 
to carbohydrate. Although respirator)' quotients below 0.71 have been re- 
ported, their authenticity has been questioned. 1 For the most recent presenta- 

* Werthessen (372), in continuous records of the respiratory exchange of rats fed only once 
in 24 hours, observed fluctuations of R Q. from as low as 0J to as high as 1.7 in the course 
of the day, although the average R.Q. for periods of 24 to 30 hours lay in the generally ac- 
cepted range. He suggests that over a short period the R Q may be a measure, not of the 
proportions of fat and carbohydrate burned, but of intermediate transformative reactions. 
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tion of the case for the conversion of fat to carbohydrate the reader is referred 
to a review by Soskin (335). 

Conversion of protein to carbohydrate and fat (109, 110, 219, 322). Since 
animals receiving solely or almost entirely protein can maintain or even re- 
plenish their stores of glycogen and fat, it can be inferred that protein can be 
converted to both fat and carbohydrate. 

The starved or meat-fed dog which is rendered totally diabetic by phlorizin 
or by removal of the pancreas, excretes glucose and nitrogen in proportions 
that approach a comparatively fixed value. If the urinary glucose is all de- 
rived from protein and no carbohydrate can be burned, this ratio of urinary 
glucose to nitrogen, the G:N ratio, will serve as a measure of the quantity of 
carbohydrate derived from protein. In early experiments Lusk (219) and his 
associates found that after phlorizin the G:N ratio of the starving or meat-fed 
dog reached a maximum of about 3.65. On the assumption that all the sugar 
was derived from protein and that the highest attainable ratio would represent 
conditions under which the greatest possible amount of carbohydrate was 
3 65 

produced, it was estimated that 'jpf. (6.25 is the factor to convert nitrogen to 

protein) or 58 per cent of protein could be converted to glucose. It is now 
generally believed that this estimate, for a long time widely accepted, is proba- 
bly too high. It has been repeatedly noted, since the earliest studies of Min- 
kowski, that the G:N ratio of the depancreatized dog seldom exceeds 2.8 to 3.0. 
There is no a priori reason to believe that removal of the pancreas gives a less 
severe diabetes than phlorizin does. Moreover, many observers have been 
unable to reproduce with phlorizin such high ratios as Lusk reported. Even 
the ratio of 2.8 to 3.0 of the depancreatized dog may be an over-estimation 
since, as Shaffer (322) pointed out, part of the glucose excreted by the diabetic 
dog, whether phlorizinized or depancreatized, is presumably derived, not from 
protein, but from the glycerol of fat which is burned at the same time. Shaffer 
suggested, on the basis of the earlier estimates, that this would reduce the G:N 
ratio from 3,65 to about 3.00, which would mean that only 48 per cent of pro- 
tein could be converted to glucose. If the overall ratio is reduced from 3.65 
to 3.00, correction for glycerol of fat would bring it still lower, just how much 
lower it is impossible to say. When all the available evidence is weighed, no 
precise mathematical definition appears to be warranted. It is necessary at 

Before these conclusions can be accepted the observations roust be confirmed and subjected 
to analysis by other methods. Certain metabolic processes are known to proceed step-wise. 
For example, fatty adds are converted in the liver to ketones, which are burned in the muscles. 
The respiratory quotient of ketone formation itself is extremely low. Therefore, if the pro- 
duction of ketones for a time greatly exceeded their oxidation, the respiratory quotient might 
fall below 0.71; it could not fall as low as 0.3 unless metabolism in all tissues except li\er 
ceased. 
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insufficient calories in the form of carbohydrate and fat, the deficiencies of the 
diet are supplied from his own tissues. Since the preformed stores of carbo- 
hydrate in the body are limited, after a short time the metabolic mixture 
consists chiefly of protein and fat. By the administration of adequate or 
excessive amounts of carbohydrate, under these circumstances, protein wastage 
may be minimized, although it can not be abolished. Apparently the organism 
Utilizes protein, when the supply is limited, as economically as possible, for 
those functions \\ hich protein alone can serve, expending it for simple energy- 
production only when other fuel is not available. In the absence of exogenous 
carbohydrate it is compelled in addition to supply enough glycogen to maintain 
the indispensable operative and energy-producing offices of carbohydrate. 
Fat usually need not be provided because it can be secured from the fat depots. 
Even if these are depleted, minimum nitrogen metabolism can not be attained 
by the administration of fat alone because this can not replace carbohydrate. 
But, if large amounts of fat are available only small quantities of carbohydrate 
are required to achieve a maximum economy of protein (see chapter on Net 
Nitrogen Metabolism). 

NATURE AND SOURCES OF FECAL MATERIAL 

(See chapters on Carbohydrates, Lipids and Net Nitrogen Metabolism) 

Examination of the feces of any person reveals the presence of nitrogen and 
fatty acids, amounting, on an ordinary’ mixed diet, to about 10 per cent of the 
ingested protein and less than 10 per cent of the fat. A part of the fecal fat 
and protein may represent unabsorbed food products; part is derived from 
intestinal secretions. The nitrogen and the fatty acids in the feces remain 
relatively constant when dietary protein and fat are varied. They may be in- 
creased by the addition to diets of roughage, by the presence of diarrhea or 
pancreatic insufficiency, or by the administration of indigestible forms of 
protein or fat. 

Stools contain only minimal quantities of reducing substances. A certain 
proportion of ingested carbohydrate may escape absorption to fall prey to 
bacteria and other carbohydrate-fermenting organisms in the intestinal tract. 
The quantity which escapes absorption can not be estimated; but, from me- 
tabolism experiments on phlorizinized animals, it would appear to be negligibly 
small. 

Whether the nitrogen and fat in stools be looked upon as unabsorbed or as 
excretory materials, they must be taken into consideration in any attempt to 
strike a balance between diet and metabolism. 

THE RELATION OF EXCRETION TO PRODUCTION OF METABOLIC END-PRODUCTS 

In the last analysis metabolism studies that depend upon the analysis of 
excreta of any kind are acceptable only if there is reasonable assurance that the 
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materials analyzed represent accurately the products of the processes under 
investigation. A lag in the excretion of these products nr the sudden sweeping 
out of material under the influence of extra-metabolic factors introduces dis- 
tinct errors 

The influence oj changes in Tcnlilalion on the respiratory excretion of carbon 
dioxide (see chapter on Carbonic Acid and Acid-Base Balance). Carbon dioxide 
exists in the blood and tissues partly in simple Solution, partly in combination 
with base, as bicarbonate, and, to a small extent, in combination with hemoglo- 
bin as carbhemoglobin. If the carbon dioxide tension or the bicarbonate 
concentration of such a mixture is altered, the carbon dioxide eliminated by 
the respiratory system will change accordingly. Although the CO> which is 
driven off or bound by these influences has no metabolic significance, it will 

affect the respiratory quotient. 

The direction and extent of the distortion of COj produced by changes of 
bicarbonate or CO* tension in the blood nr tissues depend on the manner in 
which these changes are brought about. Recent studies by Hastings and 
associates (157) indicate that the membranes of tissue cells permit the free 
passage of COj or carbonic acid, but are impervious to the bicarbonate ion. 
If, therefore, the COj tension of the blood is reduced, as it may be when a 
nervous individual, unused to respiratory apparatus, breathes in excess of his 
physiological needs, large amounts of carbon dioxide may be pumped out of the 
tissues as well as the blood. Such over-ventilation may, in extreme cases, as 
DuBois (110) has pointed out, raise the R.Q from 0.77 to 1.10 and the me- 
tabolism calculated from the carbon dioxide excretion will be correspondingly 
high, although the energy expenditure of the individual is unappreciably 
altered. Nerxous hyperventilation of this hind, which is known as “Aus- 
pumpung,” is usually transitory and is succeeded by a compensatory period of 
hypo- ventilation in which the R.Q. may fall below 0.70. This, and the fact 
that the respiration during such nervous breathing is seldom regular, lead to 
its detection Except after a high carbohydrate feeding resting respiratory 
quotients above 1 00 are presumptive evidence of “Auspumpung.” A dis- 
turbance of the opposite order could be produced by involuntary hypo-ventila- 
tion; but this is of less practical importance because restraint of respiratory 
activity provokes so much, discomfort that it can not he maintained for more 
than a brief interval 

Because of the selective jiermeability of the tissue cell membranes primary 
alterations of bicarbonate or of acids other than carbonic have a variable effect 
upon COj elimination, apparently depending on the point at which they are 
initiated. The simple addition of bicarbonate to blood induces minimal 
changes of respiration, most of the bicarbonate is retained in the blood and 
interstitial fluids and is excreted in the urine (310). The administration of 
ammonium chloride also has an inappreciable effect on respiratory' CO.. elimina- 
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tion and R.Q., even when enough is given to lower serum bicarbonate 2 to 4 
volumes per cent in the course of an hour (310). Ammonium chloride acts 
like hydrochloric add, Cl displacing bicarbonate and releasing COi. This 
must increase the CO? tension. How ever, the chloride is confined to the extra- 
cellular fluids. A large part of the C0 2 liberated, apparently, is transferred 
to the tissue cells, where it is neutralized by the abundant buffers, instead of 
being excreted in the expired air. At most only the CO» derived from extra- 
cellular bicarbonate may be eliminated by the lungs; the cellular bicarbonate 
will remain untouched. 

The response to increases of acid within the cells is quite different. In this 
case the C0 2 tension within the cells rises owing to the liberation of C0 2 from 
bicarbonate. The former diffuses out of the cells to increase the COi tension 
of the blood. This stimulates the respirations to eliminate more CO 2 . The 
sequence of events is best illustrated by the observations of Hill, Long and 
Lupton (169) on the effects of exercise. During severe exercise a large amount 
of lactic acid accumulates in the muscle cells and body fluids because the supply 
of oxygen to the exercised muscles is inadequate. The lactic acid is neutral- 
ized in part by the reaction HLa + BPr = BLa + HPr, w ith the protein buffers 
represented as BPr. In part, however, it is neutralized by the reaction HLa-f 
BHCO 3 ** CO? + HjO -f BLa. This decomposition of bicarbonate with 
liberation of C0 2 increases the tension, within the cells, of COj, which therefore 
diffuses into the extracellular fluids and blood. The lactic acid also escapes 
from the cells to decompose the bicarbonate of the extracellular fluids and blood 
in the same manner. COj tension in both cellular and extracellular fluids in- 
creases. Consequently, during lactic acid accumulation the R.Q. rises because 
to the COi formed from burned fat and carbohydrate is added the C0 2 formed 
from decomposed bicarbonate. Furthermore, in contrast to the hydrochloric 
acid derived from ammonium chloride, lactic acid releases C 0 2 in cells as well 
as extracellular fluids. Even after brief violent exercise is stopped the R.Q. 
continues to rise for some minutes because Oj intake falls more rapidly than 
CO? output. At this time the R.Q. may touch a peak value as high as 2.0. 
Later, during recovery, when the lactate disappears and frees its alkali to re- 
combine with COj, a compensator}' reduction of R.Q. to 0.70 or less can be 
observed. 

Formulae have been proposed by means of which respirator}’ quotients may 
be corrected for changes of blood bicarbonate (324); but no one of them is of 
any practical value because respiratory elimination of C0 2 from bicarbonate 
of the body is not directly related to changes of the concentration of bicarbonate 
in blood. More depends on the means by which the bicarbonate is altered. 
Tor example, voluntary or involuntary hyperventilation may pump out of the 
tissues in a short time a large quantity of COj with only an insignificant re- 
duction of the COj content or bicarbonate concentration of the blood; while 
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R.Q. may not be demonstrably altered by a dose of ammonium chloride that 
will lower blood bicarbonate by two to four volumes per cent (310). If there 
is reason to suspect that blood bicarbonate or C0 2 tension may change during 
the determination of metabolism by means of the respiratory gas exchange, 
the C0 2 content of the blood or scrum should be measured at the beginning 
and end of the determination. If it has changed, the estimation of metabolism 
so far as this may be influenced by the value of R.Q., must be interpreted with 
reserve. 

The effect of non-mclabolic disturbance of respiration on oxygen absorption . 
Because the hemoglobin of arterial blood of normal persons is, at sea level, 
almost completely saturated with oxygen, "Auspumpung” and the over- 
ventilation caused by acid have little effect on O a absorption. It is on this 
account that, under standard conditions, when the R.Q. can be assumed to be 
relatively constant, heat production can be calculated from oxygen consump- 
tion alone with little error. Under other conditions when the R.Q. and, conse- 
quently, the heat value of oxygen may be expected to vary, the same factors 
which are sources of error in the estimation of C0 2 production, by affecting the 
respirator}’ quotient, introduce a similar, though smaller, error into the com- 
putation of metabolism from both carbon dioxide and oxygen. 

In exercise the absorption of oxygen, if estimated over short periods, may 
afford no accurate measure of energy production. If the exercise is sufficiently 
severe, it results at first in the anaerobic conversion of glycogen to lactic acid 
and, during the exercise, the oxygen absorbed falls short of the heat generated. 
This is the same stage of exercise in which non-mctabolic COi excretion is at its 
height. During this period the muscles run up an “oxygen debt.” In the 
subsequent recoxery period, which lasts for some time after the exercise has 
ceased, oxidative processes are called into play. During this period the rate 
of oxygen-absorption exceeds that of energy-production. In order to deter- 
mine either the true respiratory quotient or the true heat production during 
exercise, therefore, it is necessary to measure oxygen-absorption and carbon 
dioxide-production from the start of exercise until the completion of the re- 
covery period. When the Hili-Meyerhof theory of muscular activity pre- 
vailed, it was believed that the oxygen-debt was incurred altogether through 
the anaerobic formation of lactic acid and was repaid to permit the combustion 
of part of the lactic acid and the reconversion of the remainder to glycogen. 
Measurements of the time relations between the repayment of the oxygen-debt 
and the removal of lactic acid as well as the quantitative relations of the lactic 
acid removed to the oxygen consumed during the recovery period have proved 
to be incompatible with this theory. It is necessary to postulate other an- 
aerobic reactions or incomplete oxidations, the nature of which is as yet un- 
known, which are completed during oxidative recovery and which are far 
speedier than the reconversion of lactate to glycogen. These reactions, pre- 
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sumably, take place in the skeletal muscles themselves, whereas lactate is 
transformed to glycogen in the liver or may be burned by other organs, such 
as the heart, brain and testes. (See chapter on Carbohydrate.) 

THE TIME RELATION BETWEEN NITROGEN EXCRETION AND NITROGEN METABOLISM 

(See chapter on Net Nitrogen Metabolism) 

Under normal conditions of diet and living in health, it can probably be 
assumed with little error that the nitrogen excretion of any given twenty-four- 
hour period represents fairly accurately the nitrogen production and, therefore, 
the protein metabolism of that period. If, however, the protein in the diet is 
suddenly increased or diminished, the same assumption can not be made. 
After such a change in diet a period of two or more days may elapse before 
nitrogen equilibrium is established. This lag appears to be due chiefly to the 
sweeping out or retention of mobile protein stores. 

Divergence between catabolized nitrogen and excreted nitrogen may also 
result from sweeping out or retention of non-protein nitrogen. If the ability 
of the kidneys to excrete nitrogen is impaired, or the volume of urine is low in 
comparison with the nitrogen catabolism, non-protein nitrogen may accumulate 
in the blood and tissue fluids with great rapidity. On the other hand, if the 
ability of the kidney to excrete nitrogen rapidly improves, or if the volume of 
urine increases out of all proportion to the nitrogen catabolism, non-protein 
nitrogen may be quickly swept out of the body. 

The influence of these sudden changes in N-excretion which are entirely un- 
related to metabolic nitrogen production can be detected and estimated if 
observations are made of changes in blood non-protein nitrogen, body weight 
and urine volume. 

Attempts to correlate nitrogen excretion with protein metabolism over 
periods shorter than twenty-four hours are open to more serious criticism. 
After any meal containing protein the non-protein nitrogen in the blood may 
rise appreciably and remain elevated for four hours or more, particularly if the 
amount of fluid taken with the meal has been relatively small. There is, in 
this case, a regular and definite lag in the excretion of the products of protein 
catabolism. If the ability of the kidney to excrete N is impaired this lag is 
greatly prolonged. In nephritis with hyposthenuria, nocturnal polyuria is 
regularly observed. Because the patient is unable to excrete a sufficiently 
concentrated urine, the nitrogen produced in the active diurnal metabolism 
must be excreted during the course of the night. 

In comparisons of dietary protein with nitrogen metabolism and excretion 
it is usually assumed that all the nitrogen in the diet is protein nitrogen, and 
dietary protein is calculated as dietary N X 6.25 (the factor for converting N 
to protein). The error introduced by this assumption is small. An uncertain 
fraction of the nitrogen in food is, however, non-protein nitrogen. Part of this, 
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of course, pass.es through the body without contributing to energy production 
or any other useful function. 

The nitrogen of normal urine is usually almost entirely non-protein nitrogen 
and may, therefore, properly be considered as the product of more or less com- 
plete protein oxidation. The chief fraction consists of urea ammonia and 
may be considered as completely oxidized. A small fraction is excreted in less 
completely oxidized form, partly (1 or 2 per cent of the total N) as amino acids. 
The urea + ammonia fraction may be regarded as the product of protein that 
has been expended for general purposes, including the production of energy. 
It is this fraction which fluctuates with the dietary intake of protein. The 
remaining fraction, which is far more constant and but little influenced by diet, 
has been utilized for operative purposes. The two fractions are end products 
of different metabolic processes and must, therefore, represent different amounts 
of energy expenditure. The employment of a constant factor for the com- 
putation of energy-production from urinary nitrogen is, accordingly, inexact, 
although it is unavoidable until more is known of the intermediary metabolic 
processes by which the various nitrogenous products are formed. 

In some normal urines and many pathologic urines protein itself is excreted 
in varying and often considerable quantities. Nitrogen excreted as protein 
presumably has been of no value to the organism either from the standpoint 
of energy production or tissue nutrition. Although urinary protein nitrogen 
must be considered a source of protein wastage and included in determining 
nitrogen balances, only non-protein nitrogen may be used for the estimation 
of protein catabolism and heat production. 

BASAL METABOLISM (27, 43, 110, 187, 244, 350) 

The term “basal metabolism" is used to indicate the rate of heat production 
measured in the morning, twelve to fourteen hours after the last meal, when 
the subject is lying down and motionless. Under these conditions the energy 
production of normal individuals is lower than it is at any other time while the 
subject is awake. It falls to a still lower level during sleep (236). Krogh (196) 
has proposed the term “standard” and Benedict prefers “postabsorptive” as 
more accurately descriptive than “basal"; but the last has been generally 
adopted in this country. 

The basal metabolism varies with age, sex and size according to more or less 
well established rules; but is fairly constant in a given individual or in similar 
individuals of the same species. In adult males of the same age and size it 
seldom deviates by more than 10 per cent from the mean standard, a variation 
no greater than that observed in single individuals on different days. 

Size. In persons of the same age and sex, basal metabolism varies with both 
height and weight and appears to be most closely correlated to surface area 
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DuBojs and DuBois (106) have derived a formula by which the surface area 
of an individual may be calculated from height and weight: 

A - H»»XW«X 71.84 



Fig. I. Nomogram permitting direct estimation of surface area from height and weight 
by DuBois* formula A = II® 711 X W® X 71 .84. When A *= surface area in square cen- 
timeters, II «= height in centimeters and W «= weight in kilos, fsq cm. ** sq m. X 10,000 ) 
The surface area is found at the point of intersection of the middle scale with a straight line 
drawn from the observed height on the left hand scale to the observed weight on the right 
hand scale. 

when A — surface area in square centimeters (square meters X 10,000), H = 
height in centimeters, and W — weight in kilos. By means of the d'Ocagne 
monogram of figure 1, surface area, according to the DuBois formula, can be 
estimated from height and weight without arithmetical calculation. 
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Various observers (28, 102, 156, 196) have proposed other formulae which 
arc claimed cither to measure area more accurately or to give a more exact 
correlation with the basal metabolism. Of these the only ones which have been 
extensively used arc the age-weight-sex and height-weight-sex tables of Harris 
and Benedict (156). The relative merits of various standards have been dis- 
cussed at length by DuBois (1 10) and Boothby and Sandiford (45). For most 
subjects standards based on weight alone, or weight and height, are suitable, 
since there is a general correlation between weight, height and form. The 
surface area formula appears to be more universally applicable than others 
because it gives better predictions in subjects of unusual shape. 

Age. The basal metabolism in projjortion to size, however this may be 
estimated, varies distinctly at different ages. In early infancy it is low, but 
rises rapidly during the first months of life, to reach a maximum from which it 
declines gradually during the major part of the growth-period. The early peak 
has been variously placed between the second and fourth years. From data of 
Lewis, Kinsman and IlifI (207), who have investigated the subject with great 
care, it must occur before the second birthday because, from this point on until 
the thirteenth birthday, the basal metabolism per square meter of surface area 
bears an inverse linear relation to age, which is defined by the following equa- 
tions. 

Tor boys 

Calories per square meter per hour = 1.20 years of age + 56.70. 

For girls 

Calories per square meter per hour = 1.382 years of age + 55.364. 

These equations probably provide the best means of prediction now’ available 
for the particular ages to which they are applicable, from the second to the 
thirteenth birthday. The authors estimate that 99.7 of boys should fall within 
±18 per cenL of this mean standard and 95 per cent within ±12 per cent, the 
corresponding deviations for girls are ±16 and ±11 per cent. 

It is generally held that basal metabolism rises out of proportion to size 
during pubescence (55, 363), since in this period chronological age seems to be 
less important than the stage of development, with which it is but roughly 
correlated. Both the standards of Harris and Benedict and those of Boothby 
and Sandiford must be applied with caution to any particular rase (216, 216, 
338). Shock (326a) has recently examined the subject carefully and offered 
standards based on age and surface area which allow more accurate prediction. 
Between the twentieth and fortieth year the basal metabolism maintains a 
fairly constant level, and it is during this period that prediction standards are 
most useful. In old age the basal metabolism again declines (14, 29); but it is 
uncertain whether this is an effect of age per se or only evidence of the declining 
vigor and fitness that accompany the advance of age in the average run of 
persons (29). 
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TABLE 4a 

Normal Values or Basal ok Standard Metabolism 


(A modification of tic DuBois standard (47)) 


ACE 

calories it* squaws meter 

RE* HOUR 

ACT 

CALORIES PI* SQUARE METE* 

PER HOC* 

Mile 

Female 

Male 

Female 

JM'J* 






5 

(53.0) 

(51.5) 

20 

41.0 

36.5 

6 

S3.0 

50.5 

21 

40.5 

36.5 

7 

52.0 

49.5 

22-24 

40.0 

36.5 

8 

51.0 

48.0 

25-29 

39.5 

36.5 

9 

50.0 

46.5 

30-34 

39.0 

35.5 

10 

49.0 

45.5 

35-39 

38.5 

35.0 

11 

48.5 

44.5 

40-44 

38.0 

35.0 

12 

47.5 

43.0 

45-49 

37.5 

34.5 

13 

47.0 

42.0 

50-54 

37.0 

34.0 

14 

46.0 

41.0 

55-59 

36.0 

34.0 

15 

45.0 

39.5 

60-61 

35.5 

33.5 

16 

44.0 

38.5 

65-70+ 

35.0 

33.0 

17 

43.5 

37.5 




18 

42.5 

37.0 




19 

42.0 

36.5 





* In using tie table the age should be determined to the nearest year. That is, 4 years 
6 months to 5 years 5 months inclusive, is taken as 5 years; to do this correctly the actual 
birthday must be known 


TABLE 4d 

Mean Values or Basal or Standard Metabolism 
(An extension of the DuBois standards to the early years of life (207)) 



calories per square metre 

PE* HOC* 

| 

CALORIES PER SQUARE METER 


Male 

Female 

H 

Male 

j Female 

2 

54.3 

52.6 


47.1 

44.3 

3 

53.1 

51.2 


45.9 

43.0 

4 

51.9 

49.8 

10 ' 

44.7 

41.6 

5 

50.7 

48.5 

n ! 

43.5 

40.2 

6 

49.5 

47.1 

12 i 

42.3 

38.8 

7 

48.3 

45.7 

13 

41.1 

37.4 


* This refers to the actual age. For example 2 years refers to the second birthday. Inter- 
polation should be employed to obtain the value at tie nearest quarter year. Instead of the 
table the following equations may be employed: 

For boys: 

Cals, per sq. m. per h. *■* I JO age in years + 56.70. 

For girls: 

Cals, per sq. m. per i. — 1582 age in years + 55.364. 
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Sex. l’rom the age of 2 onwards, if not before, the basal metabolism of fe- 
males is distinctly lower than that of males of the same size. From the pre- 
diction equations of Lewis, Kinsman and IlifI (207), the difference is only 4 per 
cent at the age of 2 and increases to 9 per cent at 13. During adult life and 
old age it amounts to 7 to 10 per cent (110, 156). 

Normal standards- Tables 4a, 4b and 4c give the normal standards for pre- 
diction of basal metabolism. The authors prefer these standards based on 
surface area to those which utilize only weight or height (28, 34, 69, 102, 156) 
because the correlation with surface area is superior, especially in subjects who 
deviate from the average in structure. For children from 2 to 13 years of age 
table 4b, from Lewis, Kinsman and Iliff (207), is probably more accurate than 
4a; between 11 and 18 years table 4c, from Shock (326a), is to be preferred. 
It will be noted that there is a considerable difference between the standards 


TABLE 4c 

Mean Values of Basal ok Stavdakd Metabolism 
(An application of the DuBois standards to the adolescent period of life (326a)) 



mm 

3 




Mile 

Female 


Mate 

Female 

11.5 

43 6 i 

41 7 

15.0 

42.8 

35.7 

12 0 

45 0 

41.0 

15 5 . 

41 4 

34.4 

12 5 

44-4 

40 4 

16 0 

41 1 

31.2 

13.0 

44 1 

39.0 

16 5 1 

41 0 

34.6 

13 5 

43 2 

38 8 

17 0 

40 9 

33.4 

14.0 

43 5 

38 0 

17 5 

40.6 

33.4 

14 5 

[ 42 9 

36 5 





predicted by tables 4b and 4c and those in 4a. This results in a sharp break 
at the 14 year point if table 4b is used with 4a The standards of Lewis et al 
and of Shock are distinctly lower than those of Boothby and Sandiford. Shock 
has suggested that this difference may be referable to climate This seems im- 
probable. The standards of Lewis and his associates do not differ sharply 
from those of Shock, although the former were derived in Colorado, the latter 
in California. The climate of Minnesota the year round can not differ from 
that of both of these regions more than they differ from one another. The 
source of the discrepancies must be sought in the selection of the material used 
and the conditions under which the subjects were studied. 

Race and climate. These standards correctly apply only to Caucasians in 
temperate climates. Racial distinctions have been noted in Mayas of Yucatan, 
w-omen of South India, Eskimos, Araucanian Mapuches, Australian aborigines, 
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Jamaican negroes, etc. There is still some uncertainty about the Chinese and 
Japanese. Some, but not all, of these distinctions may be due to climate and 
habits; the metabolism of Caucasians becomes slightly reduced after a sojourn 
in the tropics (93). The subject has been reviewed by Benedict (30). 

Season. There is some evidence that the metabolism is slightly higher in 
cold weather than in hot (110). Gustafson and Benedict (150) found that the 
hasal metabolism of 20 normal female college students during winter months 
was 5 to 10 per cent lower than it was in the spring and summer. This differ- 
ence, they believe, may be related not to temperature variations but to other 
seasonal factors, possibly variations in sunlight. 

THE EFFECT OF FOOD OK METABOLISM 

Most investigators have detected no characteristic variations of basal me- 
tabolism which can be referred to the influence of the previous dietary regime. 
Krogh and Lindhard (196, 197) claim that after a low protein diet the basal 
metabolism becomes definitely lowered. They also conclude that it is lowest 
w hen the respiratory quotient lies between 0.8 and 0.9, that is, w hen the subject 
has been receiving a diet rich in carbohydrate. After a high protein diet, 
according to Wishart (37S, 379) the basal metabolism rises. 

Effect on rale of total metabolism, specific dynamic action (110, 219, 221). 
Immediately after a mixed meal the glucose, urea, amino acids and lipids of the 
blood rise, an indication that the disposal of the digestion products does not 
keep pace with their absorption from the alimentary canal. By respiratory or 
direct calorimetry the heat production may be shown to rise at the same time. 

This rise in heat production, which has been called “the specific dynamic 
action" of foods, varies with the nature of the food given. It is greatest for 
protein, less for carbohydrate and least for fat. Of the fuel value of fat about 
2.5 per cent, of carbohydrate about 5 per cent and of protein more than 10 per 
cent is used to meet the specific dynamic action of the food itself, and has been 
called by Benedict and Carpenter “the cost of digestion.” In calculating 
dietary requirements DuBois (130) recommends that 5 to 6 per cent of the 
total food calories must be added for an individual on a mixed maintenance 
diet; 2 to 5 per cent if the diet is below his caloric needs; 6 to 8 per cent if the 
diet is liberal and if more than 12 per cent of the calories are derived from 
protein. For extremely high protein diets the allowance must be two or three 
times as large as this. 

For general discussions of the nature and causes of the specific dynamic 
action of foods the reader is referred to reviews by Lusk (223) and by Wilhelmj 
(375). It is not merely an expression of the energy consumed in the activities 
of digestion, since it can be elicited by certain food products whether they are 
given orally or intravenously (269, 371). Among these are amino acids (220, 
296, 297). Rapport and Beard (297) have estimated that the total specific 
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dynamic action of a given amount of a pure protein (casein or gelatin) is of the 
order of magnitude of the sum of the effects of the individual amino acids of 
which the protein is composed. Wilhelm j (375) lias calculated that the specific 
dynamic action of simple amino acids is a linear function of the molecular 
equivalents of amino acid metabolized. 7 It appears most probable that specific 
dynamic action is the result of heat liberated by chemical reactions involved in 
or stimulated by the intermediary metabolism of food products. In the case 
of amino acids Lusk identified it with the metabolism of the deaminized product, 
especially its conversion to glucose. More recent evidence (375) indicates 
that the process of deaminization is more important. 

The energy evoked by the specific dynamic action of the foodstuffs can not 
be utilized for the conduct of work. This was first demonstrated by Rubner 
and confirmed by Anderson and Lusk and Benedict and Murschelhauser (see 
Lusk (219)). They showed that if a subject exercised in the fasting condition 
and after the ingestion of meat, the increment produced by exercise was the 
same; but, after meat, the total metabolism was greater, the difference being 
equal to the specific dynamic action of the protein. Dock (100) compared the 
oxygen consumption of various organs of rats which had received a diet con- 
taining 74 per cent casein with tliat of rats which had subsisted on ordinary 
diets. Of the organs examined only the livers of the rats on high protein diets 
consumed significantly more oxygen than the controls did. From these ex- 
periments Dock concluded that the liver was the chief or sole site of the me- 
tabolic processes responsible for the specific dynamic action of protein. 

Specific dynamic action varies not only with the nature of the food, but 
also with the condition of the subject fed. It has been claimed (368), probably 
erroneously (112), that it is reduced in patients with endogenous obesity. 
There is evidence that protein has far less effect after starvation or protein 
deprivation. McCann (242) found the specific dynamic action of protein 
greatly reduced after an eight day fast. In this case the nitrogen excretion 
was not augmented by the ingestion of 350 grams of meat at a single meal. 
Evidence of a similar nature is found in the complete absence of specific dynamic 
action after hepateetomy (229). McCann’s experiment is not necessarily at 
variance with those of Wilhelm j, Bollman and Mann (376) in which specific 
dynamic action was demonstrated in the fasting dog after intravenous injection 
of amino acids. 

Earlier claims (129) that the thyroid, pituitary and adrenal glands influence 
specific dynamic action have not been substantiated (107, 126, 135, 262, 375). 

Effects of different foods on respiratory quotients. Besides its effect on heat 
production each food also lias a characteristic influence upon the respiratory 

» Some confusion has arisen from failure to recognize this point. Specific dynamic actions 
should be expressed and can only be compared in terms that relate them to the quantity of a 
given substance metabolized, not to the level of antecedent metabolism (375). 
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quotient. After ingestion of carbohydrate the R.Q. usually rises to an extent 
which depends upon the amount and nature of the carbohydrate consumed, 
because carbohydrate utilization begins to predominate over combustion of fat 
and protein. Carbohydrate is utilized in three ways, which may be repre- 
sented in the following manner: 

1. Synthesis to glycogen, n CsHnO« *= (C«HioOs)„ + nH,0. Does not 
affect R.Q. 

2. Combustion. CeH u O« + 60 2 = 6C0 2 + 6 H,0. Has R.Q. of 1.00 and 
raises the R.Q. towards that level. 

3. "Fatty acid formation. 3 C«H^O» = CuH^Oj 4- 8 Oj. Tends to raise 
R.Q. above 1.00, by furnishing endogenous Oj and thereby lowering Cb intake. 
(Seep. 17.) 

It was pointed out above, in relation to ''The conversion of carbohydrate 
to fat,” that the R.Q. indicates the end result of combustion of carbohydrate, 
conversion of carbohydrate to fat and combustion of fat, in terms of the net 
decrease of carbohydrate and fat in the body. Consequently, if reactions 1, 2 
and 3 and fat combustion alone affected the calculations, glycogen formation 
could be estimated as the difference between carbohydrate absorbed and carbo- 
hydrate burned (or excreted), the relatively small amount of free glucose in the 
body remaining constant. 

Such calculations have been made and from them deductions have been 
drawn concerning the rate and mode of utilization of various carbohydrates. 
For example, Higgins (164), by precise measurements of the respiratory ex- 
change in periods of four minutes each after the ingestion of 100-gram doses 
of different sugars found that, while glucose and maltose caused the R.Q. to rise 
relatively slowly during one and one-half hours to 0.90 to 0.97, sucrose and 
fructose raised it in fifteen minutes to 1.10 to 1.15. This was interpreted to 
mean that levulose and sucrose were to a large extent changed to fat (75, 164). 
Campbell and Maltby (61), however, have shown that when fructose or cane 
sugar is metabolized, lactic acid is formed in sufficient quantities to decompose 
bicarbonate in the body. Excretion of the resultant COj increases the R.Q. 
in precisely the same manner that it does when lactic acid formed during exer- 
cise decomposes bicarbonate. This introduces a fourth reaction that must be 
taken into consideration: 

4. CiHuOs (fructose) = 2 C»H*Oj (lactic acid) 

+ BHCOi ■= B(C,HiOi) + HjO + CO, 

Obviously, under such conditions conclusions concerning the fate of carbo- 
hydrate can be drawn from changes of R.Q. alone only if correction could be 
made for CO* released by reaction 4. It has been pointed out above that there 
is no formula by which such correction can be made with accuracy*. 

Carpenter and Lee (72), on the basis of simultaneous observations of R.Q. 
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and alveolar carton dioxide tension after ingestion of glucose and fructose, 
have challenged the conclusions of Campbell and Maltby. The latter, how- 
ever, are supported by more direct methods of analysis and have been confirmed 
by other observers (see review of literature by Carpenter and Lee (72)). More- 
over they are consonant with the most recent knowledge concerning the inter- 
mediary metabolism of fructose (sec chapter on Carbohydrate). Campbell 
and Soskin (62) also ascribe the sudden increases of the R.Q. tliat follow the 
ingestion of dihydroxyacetone to the formation of lactic acid. 

Protein has itself an R.Q. of about 0.80 and its ingestion in large amounts 
uould presumably lend to draw the total R.Q. towards this value, if no side 
reaction interfered. However, the above cited work of Campbell and Maltby 
must make one cautious about assuming lack of such interference. Because 
of the sulfuric and phosphoric acids which they yield, the total metabob'tes of 
protein are decidedly’ add. Digestion of large amounts of protein is accom- 
panied by formation of acid products sufficient to lower appreciably the bicar- 
bonate content of the body, but at the same time secretion of gastric HC1 tends 
to increase the bicarbonate content of the body fluids. The effect of protein 
digestion and absorption on the R.Q. at any given moment of time may accord- 
ingly depend on which of these effects on the body bicarbonate predominates, 
rather than on the amount of O- used and CO, yielded in the combustion of the 
protein digestion products. The actual effect can be determined only by 
following the changes of blood C0 3 content during digestion of protein meals. 

Fat. The fact that, under certain circumstances, after feeding starch or 
glucose, non-protcin respiratory quotients rise to 1.00 or more indicates that 
the organism may, for a short time, subsist almost entirely on carbohydrate. 
On the other hand, it is not possible, by giving a large fat meal, to depress the 
R.Q. to 0.71, that of pure fat. This value may be approached, but can not be 
attained in normal individuals because, so long as there is still carbohydrate 
available in the body, fat is not utilized as the sole fuel. 

MAI.NUTR1TJON (218, 219) 

(See also chapter on Net Protein Metabolism) 

Before discussing the effects of malnutrition, it is necessary to define the 
meaning of the term. Mere leanness, or paucity of fatty’ tissue, does not, in 
itself, cause any recognizable characteristic alteration of metabolism. The 
phenomena which are to be discussed in this section are observed only in sub 
jects who have for a time subsisted on diets which are so limited that they have 
been forced to supplement them with protein derived from their own tissues. 
Instead of “malnutrition” it would perhaps be preferable to use the term 
“protein deficiency.” 

When the protein in the diet is reduced below the subsistence level, nitrogen 
wastage regularly ensues. This can be minimized, but not prevented, by’ the 
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administration of extra calories in the form of fat and carbohydrate. Within 
certain limits the amount of protein required to secure nitrogen equilibrium is 
inversely proportional to the caloric value of the diet. However, there is a 
point below which dietary protein may not fall without causing wastage of 
tissue that can not be prevented by any amount of carbohydrate or fat. 

If a subject is kept on a diet inadequate in protein, evidences of conservative 
reactions appear. Nitrogen excretion gradually diminishes and may, if suf- 
ficient calories are given, sink to an extremely low level. If the caloric value 
as well as the protein content of the diet are low, it is well established that the 
heat production also falls and may fall much more than the nitrogen excretion. 
In severe malnutrition or total starvation the basal metabolism may drop to 
30 per cent or more below the normal level. There is some evidence that this 
reduction is due less to the low caloric value of the diets than to their low pro- 
tein content. Krogh (196, 197) and Deuel (97) have shown that, if an in- 
dividual is given a diet high in calories, but low in protein, his basal metabolism 
will gradually diminish. They have produced reductions of as much as 20 per 
cent on such regimes. Unfortunately, the basal metabolism has not been 
followed in most of the studies of minimal nitrogen excretion. 

That malnutrition need not be extreme before these conservative processes 
manifest themselves is clear from experiments which Benedict (32) made on 
normal young men during the war. One group, who received only about 1400 
Calories daily had, at the end of three weeks, lost, according to Lusk’s (218) 
calculations, 6.5 per cent of the total nitrogen which was in their bodies at the 
beginning of the experiment. Their basal metabolism had, however, fallen 
27 per cent. 

When adequate diets are given again nitrogen is rapidly stored and the basal 
metabolism gradually returns to the normal level as the previously wasted 
tissue is replaced. The exact relation between restoration of tissue and rise of 
basal metabolism during the recovery period has not been determined. 

In experimental vitamin B starvation, Okada, Sakurai, Ibuki and Kabesbima 
(273) found that the syndrome which developed was associated with lowered 
basal metabolism. In naturally occurring beriberi basal metabolism and 
R.Q. were usually normal unless heart failure caused the oxygen consumption 
to rise or paralyses and atrophy caused it to fall (27 2). When beriberi patients 
with normal metabolism were deprived of vitamin B their condition became 
worse and basal metabolism fell, while administration of vitamin B caused 
opposite changes. These variations of metabolism may represent not specific 
effects of vitamin B deficiency, but merely evidences of the malnutrition which 
accompanies such deficiency. 

In disease, of course, the effects of malnutrition on basal metabolism are not 
always so obvious because they may be more than neutralized by disorders 
which increase heat production. The high metabolic rates seen in pernicious 
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anemia and leukemia afford examples of such conditions. A particularly 
striking example is found in idiopathic steatorrhea. In this disease, despite 
the extreme malnutrition that often results, Thayscn (355) lias found that the 
basal metabolism is regularly high. 

STARVATION AND KETOSIS 

(See also chapters on Carbohydrate, Lipids, Net Nitrogen Metabolism and 
Acid-Base Balance and section on Diabetes, below) 

In total starvation the conservative phenomena already mentioned as occur- 
ring in malnutrition are regularly observed, but are modified by certain other 
factors, chief among which is the lack of carbohydrate in the metabolism 
mixture. 

A certain quantity of carbohydrate appears to be requisite at all times for 
the conduct of the vital processes of the tissue cells. If materials other than 
glucose, which are utilized as carbohydrate, must first be converted to glycogen 
by the liver, as is generally assumed, then even in the depancreatizcd animal, 
which can derive only minimal amounts of energy from the combustion of 
carbohydrate, glycogen must be formed in the liver, because the conversion of 
protein and other glucose-precursors to glucose in the dcpancrcatized animal is 
accelerated, not retarded. This glycogen is obviously broken down again to 
glucose which is, in turn, built up into glycogen in the muscle. From the latter 
lactic acid is formed anaerobically, other normal intermediary products in the 
presence of oxygen. The major solution of the continuity of the metabolic 
processes appears to be located in the region of the terminal reactions by which 
carbohydrate is oxidized to COj and HjO. Carbohydrate, then, seems to have 
an operative function that is essential whether it contributes to energy-pro- 
duction or not. If no exogenous carbohydrate is provided, glycogen from the 
liver is utilized for these purposes and, when this is exhausted, protein is forced 
to act as a source of glycogen. At this point fat assumes chief responsibility 
for energy-production. This is evidenced by the delivery into the blood- 
stream. from the liver of unusually large quantities of 0-hydroxybutyric and 
acetoacetic acids. Since these acids displace carbonic acid from bicarbonate 
in the body, more COj is excreted by the lungs than is formed by combustion. 
The result is an R.Q. which is higher than that which n aukl indicate the ma- 
terial actually burned. 

A certain proportion of the ketone acids formed in the liver is not burned 
by the tissues, but poured into the urine. This involves the loss of a large 
proportion of the energy value of the fatty acids from which they were derived, 
since the mere transformation of fatty acid to /3-hydroxybutyric or acetoacetic 
acid represents only a small proportion of the oxidation to which fatty acids 
are susceptible. The respiratory quotient of this transformation is also ex- 
tremely low. Indeed, if the fatty acids are completely converted to ketone 
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acids, which seems probable (336, 370a), the R.Q. of the conversion of palmitic 
acid to 0-hydroxybutyric or acetoacetic acids would be 0.0, since it would in- 
volve the production of no COj. 

palmitic add fLbydroxybutyric add 
CitHnOi + 50,-4 CillrO, 

acetoacetic add 
CitHnO, + 7 0, - 4 QHiO* + 4 H,0 

If the glycerol fraction of the fat is burned, but the fatty acids are merely 

3 COi 

converted to 0-hydroxybutyric acid, the R.Q. of tripalmitin will be - Q . ~ *» 

lo.5 Ua 

0.16. It is, therefore, theoretically possible for the non-protein respiratory 
quotient in starvation to fall below that of fat oxidation, 0.71, if production of 
ketone acids outruns their oxidation. (The extra COj displaced from bicar- 
bonate will give a somewhat higher apparent quotient.) 

In total starvation a severe degree of ketosis does not develop because, so 
long as the ability to burn carbohydrate is retained and sufficient carbohydrate’ 
is provided from protein, the formation of ketones from fatty acids in the liver 
apparently does not greatly exceed the rate at which they are burned in the 
tissues (137). As starvation is prolonged total metabolism and nitrogen 
metabolism both diminish as a result of malnutrition and ketone production is 
correspondingly retarded (26). 

When sufficient carbohydrate is administered to permit it to assume its 
full role in metabolism, the excessive production of ketone bodies ceases and 
those which have accumulated in the blood and tissues are oxidized. The 
R.Q. of the oxidation of 0-hydroxy butyric acid is 0.89, of acetoacetic acid, 0.73. 
Actually lower R.Q.’s would result from their combustion because a certain ' 
amount of the carbon dioxide formed will combine with base previously bound 
by the ketone acids and, therefore, will not appear in the expired air. 

OBESITY A.VD THINNESS 

It should go without saying that alterations of body weight are, in the last 
analysis, entirely determined by the law of the conservation of energy and 
matter. A gain in weight can occur only when food in excess of the metabolic 
needs is ingested. This excess is invariably deposited as fat, since it appears 
to be impossible to increase the protoplasmic mass beyond definite limits 
merely by the ingestion of food, even though the full growth potentials cannot 
be achieved without an adequate food supply. Consequently, while attempts 
have been made to divide obesity into exogenous and endogenous types, re- 
lating the former to greediness and the latter to constitutional or endocrine 
disturbances, there can be, in reality, no difference between the two except 
differences in the factors that operate to displace the energy balance to the 
positive side. The problem of obesity, then, is to determine why some indi- 
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viduals either habitually ingest food in excess of their needs or fail adequately 
to oxidize quantities of food which may in themselves not he greatly in excess 
of the theoretical requirements of their metabolism, as judged fay their body- 
size. Thus far studies along these lines have been far from successful. In 
addition attempts to demonstrate that the normal pathways nf metabolism 
are disturbed in obese persons have ljecn equally without result. 

If subjects arc excluded who present definite evidence of disease, basal 
metabolism bears a constant relationship to surface area, regardless of the 
shape or composition of the body (46, 248, 343, 363). However, if the basal 
oxygen consumption is related not to the actual, but to the ideal, weight of the 
subject, then, most obese individuals may be said to have a basal metabolic 
rate increased by from 20 to 30 per cent (313). Such calculations indicate 
that the oxygen consumed by obese individuals is made up of two fractions, 
one representing their true basal requirements, the other representing the 
quantity required to support the mass of adipose tissue that they hav'e accumu- 
lated (36S). Wang, Strouse and Saunders (368) and others have claimed 
that the specific dynamic action of foods, and especially of protein, is smaller 
in fat persons than in thin. This Dubois and his associates (112) were unable 
to confirm by direct calorimetry- However, in any case, reductions of specific 
dynamic action could not account for more than 3 to 5 per cent of the total 
metabolism for the day. Available data indicate that the energy expenditure 
required for a given amount of work is, as might be expected, proportional to the 
basal metabolism (50, 367). 

Hagedom, Holten and Johansen (152) found that the basal R.Q/s of obese 
persons who had been kept for one or two days preceding the test on a high 
carbohydrate diet were lower than those of normal persons who had been 
similarly treated. This they interpreted as indicating tliat the obese persons 
had less available carbohydrate in their bodies because they tended to convert 
carbohydrate to fat. They believe that the high respiratory quotients observed 
by Wang, Strouse and Saunders (369) in obese persons immediately after carbo- 
hydrate were not due to failure to use body fat, but to conversion of carbo- 
hydrate to fat. Lyon, Dunlap and Stewart (224), on the other hand, attribute 
extremely low basal respiratory quotients (sometimes less than 0.70), which 
They observed in obese subjects subsisting on lov; calory diets, to the conversion 
of fat to carbohydrate. Gardiner-Hill, Jones and Smith (138) found that 
patients presenting "pituitary obesitj’” in adolescence with cliaracteristic in- 
creased tolerance for glucose exhibited less than the normal rise of respiratory 
quotient after sugar. Krantz and Means (192) have found in persons with 
simple obesity a similar deficient reaction of the R.Q. to injections of epinephrin. 
Gardiner-Hill interprets his findings as denoting a special tendency to store 
glucose as fat. This should, however, give unusually high quotients. Krantz 
and Means believe tliat obese persons use relatively more fat than carbohydrate 
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after epinephrin. This may be a further sign of relatively deficient carbo- 
hydrate stores. 

While the fundamental cause of obesity is undoubtedly an either absolute 
or relative excessive ingestion of food, the factors that initiate this imbalance 
are extremely ill-defined. Three general causes have been suggested; (a) an 
inordinate appetite, (b) disturbances of the endocrine glands, and (c) the pres- 
ence of metabolic disorders which result in the conversion of an abnormally 
large proportion of the foodstuffs into fat. 

There is no doubt that many obese people enjoy a ‘‘hearty” appetite, which 
is often accompanied by robust health, and frequently by an energetic and 
happy disposition. These cases present little difficulty in diagnosis; but often 
resist strenuously attempts to reduce body weight by dietary restriction. To 
conclude that all who become obese can be placed in this category is misleading, 
inasmuch as the displacement of the energy balance in many individuals is not 
entirely due to excessive food intake, but is exaggerated by a coincident reduc- 
tion of energy expenditure. In any case the use of the term “hearty” or ex- 
cessive appetite fails to define the causes that initiate or sustain the abnormal 
desire for food. It is also a matter of common experience that some individuals 
exhibit a greater tendency to deposit fat than others, even when the caloric 
intake is not excessively great. Such tendencies are often termed constitu- 
tional; but it should be reiterated that in all cases no defiance of the law of 
conservation of matter and energy* can be allowed to serve as an explanation 
of these differences. The distinctions between individuals must lie in the 
different rates of energy expenditure, and, indeed, in some instances in the 
relative economy of energy expenditure. This may seem paradoxical since the 
obese person is continually transporting an added weight of inert material in 
comparison to his leaner companion. Conversely there are types of thin 
individuals whom it is difficult to fatten, even though their intake appears to 
be adequate for this purpose (149). Here again the reason must be either an 
excessive or a wasteful expenditure of energy, or both. 

The indictment of an endocrine gland as a cause of obesity has an estab- 
Tished, if somewhat insecure, place in the literature of the subject. The glands 
usually implicated are the pituitary, thyroid, adrenal corfex and gonads. 
With the last may be included the obesity that frequently develops after preg- 
nancy and the menopause. The relatively higher incidence of obesity in fe- 
males is often attributed to these alterations in the endocrine system. The 
overweight often found in hypothyroidism is largely due to the accumulation 
of water and materials other than fat, although it is obvious that the low 
energy expenditure characteristic of the condition may increase the suscepti- 
bility of the hypothyroid subject to the deposition of fat. Obesity of pituitary 
origin is described both in association with hypopituitary states and with 
conditions such as basophilism in which certain activities of the hypophysis are 
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exaggerated. The obesity of Frolich’s syndrome is, in all probability, not of 
pituitary, but of hypothalamic origin (see below). Indeed any pituitary 
tumor that exerts pressure on the hypothalamus may give rise to obesity. 
On the other hand, total remoral of the hypophysis per se, by either surgical 
procedures or by disease is not followed by obesity, but rather by rapid loss of 
body weight. The distribution of body fat is often designated as characteristic 
of certain types of endocrine obesity, being found over the abdomen, upper 
arras and thighs in gonadal deficiency and Fiolich’s syndrome, while it affects 
particularly the face in pituitary basophilism and the adrenocortical syndrome. 
Most of these assertions are based on clinical impressions; there is a singular 
dearth of experimental data to support them. 

Obesity can be regularly produced in experimental animals only by lesions 
of the hypothalamus. Although several investigators (17, 63, 134) had ob- 
served that in dogs and cats adiposity and gonadal atrophy followed lesions 
of the hypothalamus without obvious injury to the hypophysis, the differen- 
tiation between the effects of lesions in these two regions was first clearly shown 
by Smith (331) and Hetherington (161). The latter produced the lesions with 
a Horseley-Clarke stereotactic instrument, thus preventing any possible hypo- 
physeal injury. These experiments prove conclusively that excessive adiposity 
follows suitably placed hypothalamic lesions. In an extension of these studies 
Tepperman, Brobeck and Long (352) have shown that such injuries immedi- 
ately provoke, in the rats, an inordinate appetite. They regard this augmen- 
tation of the food intake, which may be two or three times as great as normal, 
as the major cause of the obesity. Hetherington (163), on the other hand, is 
inclined to stress the reduced activity of the animals, although it is obvious 
that an extraordinary increase of body fat will restrict physical activity. 
These experiments are important inasmuch as they indicate that alterations 
in the neural mechanisms concerned with appetite may, of themselves, ulti- 
mately result in obesity. The importance of such factors in the determination 
of obesity in man remains to be ascertained. Obesity has been known to develop 
in humans after encephalitis, chorea and other diseases involving the brain (374). 

Suggestions have been made that alterations of the activity of the nervous 
system may open abnormal pathways of metabolism leading to the conversion 
of excessive proportions of the foodstuffs to fat. This implies that the met- 
abolic processes are directly and specifically controlled by the nervous system. 
Brobeck, Tepperman and Long (53) have, how ever, shown that the prolonged 
ingestion of large quantities of carbohydrate by voracious rats may condition 
their metabolism to convert rapidly a large proportion of the carbohydrate to 
fat. 

Spontaneous hypoglycemia, with or without tumor of the island cells of the 
pancreas, may arouse uncontrollable hunger (284). In such patients the over- 
eating which leads to obesity is a self-protective response. 
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Treatment of obesity, from a purely quantitative point of view, consists of 
reducing the caloric value of the diet or increasing the energy expenditure, or 
both, to such an extent that the subject is forced to draw upon his own reserve 
stores of fat to meet his metabolic needs (267a). The most logical diet would 
seem to be one that provides a minimal amount of preformed fat, for two 
reasons: first, because the aim of treatment is to force the patient to obtain the 
necessary fat from his own body; second, because fat offers the greatest caloric 
value in the smallest bulk. The discomforts of hunger that attend diet re- 
duction can be partly allayed by the substitution of bulk for fuel value. Vege- 
tables and fruits which yield the smallest number of calories with the greatest 
bulk, therefore, form the major portion of anti-obesity diets. Restriction of 
protein below the minimum requirements for nitrogen equilibrium is the- 
oretically undesirable and usually unnecessary (125, 344). Nevertheless, it 
has been advocated and employed (237, 265). Mason (237) claims that, if 
practised in moderation, it has no deleterious effects. On theoretical grounds, 
it seems preferable, vs hen practicable, to avoid wastage of body protein. Mason 
(23S, 239) has also shown that on low-protein, low-caloric diets, patients derive 
the major part of their energy from the combustion of their own fat, which is 
freely burned. 

ENVIRONMENTAL TEMPERATURE (95) 

Exposure to cold apparently causes a slight increase of heat production, 
presumably to maintain body temperature against the effects of the environ- 
ment (346, 347). At temperatures higher than normal body temperature, 
metabolism is probably also increased somewhat (25, 199), in this case because 
of the accelerating effect of heat on chemical reactions. Since heat is lost not 
only by radiation and conduction, but also by vaporization of water from the 
skin and the expired air, the humidity as well as the temperature of the environ- 
ment might be expected to influence heat production. McConnell, Yaglolou 
and Fulton (245) compared the metabolism of a number of men at different 
“effective temperatures” (dry bulb temperatures corrected for the effects of 
humidity and air movement). Minimal metabolism was found at effective 
temperatures between 75° and S3°F; below this mean metabolism increased 
slightly; above, it rose sharply. The effects of temperature arc relatively 
slight because the interior of the body is so effectively insulated not only by 
its covering of skin and subcutaneous fat, but also by its ability to regulate 
automatically the quantity and speed of blood flowing near the surfaces 
through which heat is dissipated or absorbed (95). 

Bazett and others (199) have shown that immersion in a hot bath, besides 
increasing the body temperature, results in hyperventilation which pumps 
carbon dioxide out of the blood. This would, like overvent ilation from any 
other cause, interfere with the interpretation of respiratory' quotients. 
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Robinson (305) found that large obese persons w ere less able than small thin 
persons to tolerate the heavy muscular work of walking or running at high 
temperature and high humidity. Since work of this nature involves motions 
of the body the energy expenditure is proportional to the w eight of the subject. 
Heat is dissipated, however, !»th by radiation and evaporation at the surface 
of the body. The dissipation of heat is, therefore, proportional to surface area. 
Since weight varies as the cube, while surface varies as the square, of the size, 
heat production increases more rapidly than heat d issipation with size. Conse- 
quently when a large and a small man attempted to run or to walk on a motor 
driven tread mill at the same rate with temperature and humidity high, the 
former became exhausted more rapidly and his body temperature rose. 

tEVER 

In a normal subject at rest or moderate activity, elimination of heat by skin 
and lungs is kept sufficiently close to heat production to hold the body tem- 
perature within what is defined as the normal range. At the onset of fever 
elimination of heat fails to keep pace with the accelerated heat production. 
At the onset of a typical malarial chill Barr and DuBois (20) found that, in 
spite of a considerable rise of heat production, heat elimination remained 
practically unchanged, elimination did not become considerably augmented 
until the temperature began to subside. In the febrile reactions following 
intravenous injections of proteose and typhoid vaccine, the same phenomena 
were observed (19). Sudden rises of temperature associated with chills are, 
therefore, due to acceleration of heat production without similar acceleration 
of heat elimination. During prolonged or steady fever both production and 
elimination of heat are high (19, 20, 43, 79, 108). In fever in general, vapor- 
ization of water by skin ami lungs plays an unusually large part in the elimina- 
tion of heat. 

Rise of temperature accelerates chemical reactions in the body exactly as it 
accelerates them in a test tube. According to van’t Hoff’s law, the velocities of 
chemical reactions increase two to three times for a temperature rise of 10°C. 
DuBois (108) found in his fever experiments that the rate of combustion in the 
body, as measured by oxygen consumption, had likewise an average temper- 
ature coefficient of 2.3. 


MUSCULAR EXERCISE 

Heat production is increased by muscular exercise in direct proportion to the 
amount of energy expended in the muscular activity. The ultimate energy 
for muscular contraction may be derived from whatever source of fuel is most 
available. Because they found that muscle glycogen was broken down in all 
muscular reactions, Meyerhof (257) and Hill (167, 168) earlier came to the 
conclusion that carbohydrate was the chief, i! not the sole source of muscular 
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energy. According to their theory glycogen was converted to lactic acid by 
a series of linked reactions for which oxygen was not required. When suf- 
ficient oxygen again became available, the chemical processes which had sup- 
plied the energy for the muscular work, including the transformation of glycogen 
to lactic acid, were reversed at the expense of a fraction of lactic acid which 
was oxidized to CO* and HiO. This terminal oxidative combustion of lactic 
acid was believed to provide the energy for the restoration of glycogen. Since 
a diabetic animal with a respiratory quotient of 0.71 is capable of muscular 
activity (65, 66, 77, 300), this theory' required that carbohydrate be formed 
from fat, a conversion for which other evidence is lacking. It also implied 
that the diabetic animal retained the power to bum carbohydrate, the defect 
in this disease being an overproduction of glucose. It was generally conceded 
that if fat was converted to carbohydrate, the conversion probably occurred 
in the liver. This possibility was effectively excluded, however, by the demon- 
stration that the hepatectomized animal has a respiratory quotient that indi- 
cates combustion of fat (105, 228). 

The most plausible description of the role of the foodstuffs in the chemical 
reactions that attend muscular activity is outlined diagrammatically in figure 2. 
There seems to be no doubt that carbohydrate is utilized by muscle whether 
it is oxidized to liberate energy or not. The linked chemical reactions to w hich 
it is subjected, up to the point of oxidative combustion, may be regarded as 
among the processes that give muscular metabolism direction or significance, 
operative procedures. For these no material other than carbohydrate can 
serve; in the absence of preformed carbohydrate protein must be broken down 
to provide carbohydrate. Furthermore these reactions must proceed whether 
carbohydrate can be burned or not. Glycogen in the muscle can be broken 
in two ways: (1) without consumption of oxygen, to lactic acid (the anaerobic 
cycle); 8 (2) when sufficient oxygen is prof erred, to other intermediary’ products 
by a more complex and less completely comprehended series of reactions (the 
aerobic cycle). In the light of most recent evidence there is reason to believe 
that only the aerobic cycle leads directly to oxidative combustion of carbo- 
hydrate in skeletal muscle and that in the intact animal with a plentiful supply 
of carbohydrate and insulin available this is its regular termination. How ever, 
fat can and usually does supply a variable proportion of the energy load of 
muscle metabolism. It is, therefore, depicted as cutting into the terminal 
portion of the aerobic cycle. When preformed carbohydrate is exhausted fat 
assumes a larger part of the burden. By this means protein is relieved of the 
necessity of contributing so heavily; it is called upon to provide only the quan- 

* Attention has already been called on p. 26 to the inadequacy of lactic add for the ex- 
planation of anaerobic activity and the “oxygen debt.” There must be other incomplete 
oxidations, the nature of which is unknown, during the anaerobic muscular activity, which 
are completed when sufficient oxygen is provided ia the recovery period. 
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tity of carbohydrate that is required to keep the operative processes in action. 
To meet the demand for fat to furnish energy the liver pours ketones into the 
blood. In diabetes, when carbohydrate can not be burned at all, both protein 
destruction and ketone destruction arc greatly accelerated. 

About the function of the anaerobic cycle of muscular carbohydrate metabo- 
lism there is some uncertainty. It serves as an emergency mechanism, called 
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Fig. 2. A. diagrammatic outline o( the major aspects of muscular metabolism and the 
sources from which the materials required for its metabolic processes are derived. The 
specific operative offices of protein, the formation of glycogen from other sources than glucose 
and protein, and the conversion of carbohydrate to fat ate not included. 

Protein after deamination and formation of urea is pictured as contributing to glycogen 
or to ketone adds in the liver. Hepatic glycogen after conversion to glucose is transported 
by the blood to the musdes, where it is again converted to glycogen. This is broken down 
under anacrotic conditions to lactic add vsluch Is conveyed to the fiver to be reconverted to 
glycogen. In the presence of oxygen glycogen is transformed to other intermediary products 
by a series of finked reactions, which normally lead to oxidative combustion to CO* and HiO. 
It is this last process that provides energy and for this fat may be burned directly. Fat may 
also be converted in the fiver to ketones, which are burned by the musdes. This latter 
process becomes accelerated when carbohydrate metabolism is retarded or inhibited by de- 
fidency of exogenous carbohydrate or inability to burn carbohydrate. In this case it is sug- 
gested by the entrance oi the arrow from ketones in the fiver into the operative field of mc- 
taboftsra that ketones fate over pact or all of the terminal operatin t offices of carbohydrate. 


into play to meet the need for short periods of exercise so severe that the 
respiratory and circulatory systems are unable to yield to the muscles enough 
oxygen to operate the oxidative cycle. This fortunate provision permits the 
muscles to increase their energy production for a while far beyond the rate at 
which oxygen can be supplied to them. When oxygen becomes available, the 
oxidative processes which are ultimately essential for the energy reactions are 
completed. There is much to suggest that the anaerobic cycle does not come 
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into action only in emergency; but that it is the initial phase of all muscular 
contractions, serving until circulatory adjustments to supply oxygen are made 
or, less probably, as an initiating or priming mechanism. There is also some 
dispute about the fate of the lactic acid produced by the anaerobic cycle. It 
has been clearly demonstrated that part of the lactic acid is not reconverted to 
glycogen in the muscles in which it originated, but, escaping into the blood 
stream, is conveyed to the liver and there transformed to glycogen. It is not 
certain that all the lactic acid formed in muscles may not be forced to travel 
this circuitous course. In any case it is highly doubtful whether, if lactic acid 
is reconverted to glycogen in the muscles, it retraces the same path by which 
it was formed from glycogen. (This subject is treated at greater length in the 
chapters on Carbohydrates, Lipids and Net Nitrogen Metabolism.) 

The effect of the production of lactic acid in severe (anaerobic) exercise 
on the respiratory quotient has been discussed in part above. It was pointed 
out that in the early stages high respiratory quotients result from the dis- 
placement of CCh from bicarbonate by lactic acid; while, during the recovery 
period, when the oxygen debt is being paid off and CO 2 is retained to restore 
bicarbonate, respiratory quotients are unduly low'. The total, or actual R.Q., 
as well as the total heat production, of muscular work, therefore, can be meas- 
ured only by studies which are prolonged to include the entire recovery period. 
This can be determined with certainty only if the course of the respiratory 
quotients is checked by analysis of the blood for CO*. It was the high respira- 
tory quotients, as great as, and sometimes far greater than, 1.0, observed during 
short periods of exercise, that lent force to the contention of Hill (168) and 
others (35, 334) that muscles burned only carbohydrate. This was challenged 
by Himwich’s (171) observation that respiratory quotients estimated from the 
blood before and after its passage through the muscles of normal and diabetic 
dogs agreed closely with those obtained simultaneously by respiratory methods 
for the animal as a whole. Richardson, Shorr and Loebel (302) further demon- 
strated that respiratory quotients of isolated fragments of muscles from de- 
pancreatized dogs indicate combustion of fat and protein only. The con- 
chisions of Hill concerning short exercise periods were challenged by Lindhard 
(209) and others (234, 340). They showed that if the observations are con- 
tinued until normal resting conditions are completely restored, the ratio of the 
total extra COj produced to the extra O- consumed differs but little from the 
resting quotient immediately preceding the exercise, 

The extra COj eliminated during anaerobic exercise and the extra oxygen 
retained during recover)' have been generally attributed, respectively, to the 
acidifying effect of lactic acid and the subsequent oxidation or reconversion 
of the lactic acid. It is, however, necessary to modify these concepts some- 
what. Dill and associates (99) have shown that the oxygen debt is repaid far 
more rapidly than lactic acid is removed from the blood and that the amount 
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of oxygen used after exercise is greater than the quantity that would be re- 
quired for the disposal of the lactic acid, l’robably, then, lactic acid is only 
one of the products of anaerobic exercise for which oxygen is required, the 
nature of the others being unknown. The "oxygen debt” is incurred by the 
production of these incomplete oxidations which are completed when oxygen 
becomes available. The overall respiratory quotients and the oxygen con- 
sumption for the exercise and recovery periods can be equated with the work 
performed. 

The total respiratory quotients in rest vary u ith the diet on which the subject 
has previously subsisted. After a high carbohydrate diet, when the carbo- 
hydrate reserves of the Ijody are plentiful, the fuel burned by the muscles 
contains a larger proportion of carbohydrate than it does after starvation or a 
low fat diet (234, 235). For exercise the muscles appear to have a predilection 
to use a larger proportion of carbohydrate if it is available and to have a greater 
claim upon the glycogen reserves of the liver. But, when these become de- 
pleted, the respiratory quotient of the exercising, like that of the resting animal, 
steadily falls, approaching tint of fat (119), proving that the muscles can sub- 
sist on other fuel. In the totally diabetic animal the respiratory quotient of 
moderately heavy (sustainable) exercise from the very onset of the exercise 
indicates the combustion of fat only. 

Most of the work on exercise deals with short or severe muscular labor. A 
new light has been thrown on the subject of the fuel of muscular exercise by 
certain experiments of Courtice and Douglas (83). During sustained exercise, 
walking 10 miles in the post-absorptive state, they found that the respiratory 
quotient at first rose slightly, but later fell gradually as the walk was prolonged. 
Since the labor was never sufficiently severe to produce any significant changes 
in the Lactic acid or bicarbonate of the blood, the initial rise presumably repre- 
sented preferential combustion of part of the endogenous carbohydrate reserves 
of the body. When the exercise ceased the respiratory quotients fell quite 
rapidly to low levels, invariably below 0.80, usually below 0.76, and sometimes 
to the neighborhood of 0.70. Evidently the metabolism mixture was now' 
largely composed of fat. As further proof of this, ketonuria and bicarbonate 
deficit appeared in those instances in which the R Q. fell to 0.76 or below. 
Carbohydrate reserves were not entirely exhausted, because, if walking was 
resumed, the R.Q. again rose slightly, although it soon began to fall again, 
and when walking was once more stopped, dropped to a lower level than it had 
reached during the previous rest, with resumption of ketonuria in a more 
aggravated degree. The low respiratory quotient, ketonuria and bicarbonate 
deficits continued until carbohydrate was eaten, when they disappeared with 
great rapidity. Ingestion of carbohydrate just before exercise exaggerated 
the initial rise of R.Q., but did not appreciably modify the subsequent phe- 
nomena. Apparently sugar taken at this time was immediately expended. 
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On the other hand, if extra large amounts of carbohydrate were taken on the 
day preceding the walk, the R.Q/s throughout exercise and the subsequent 
rest assumed a higher level and ketonuria was avoided. This would indicate 
that exogenous carbohydrate is preferentially and immediately utilized as fuel 
for exercise if it is made available; but that only a limited fraction of the endog- 
enous reserves of carbohydrate is drawn upon for the same purpose. The 
occurrence of ketonuria as well as low R.Q.’s during the most prolonged exercise 
can leave no doubt that the metabolic mixture was predominantly composed 
of fat. On only one occasion did the R.Q. fall even slightly below 0.70 during 
a rest period; therefore there is no evidence that fat was converted to carbo- 
hydrate. 

Krogh (197), in a study of both respiratory’ quotients and efficiency’ of 
trained subjects during exercise, concluded, from evidence that was largely 
subjective, that efficiency varied directly with the respiratory quotient. Marsh 
(235) was unable to detect any relation between efficiency and the amounts of 
fat and carbohydrate in the diet. Exhaustion after extremely prolonged 
muscular exertion, such as Marathon races, however, may depend to some ex- 
tent upon depletion of the carbohydrate stores of the body (145, 204). 

DISORDERS OF ENDOCRINE GLANDS 

Thyroid. (See also chapter on Iodine.) Friedrich Muller (266) in 1893, 
having found that nitrogen metabolism was increased in a case of hyperthyroid- 
ism, suggested that probably oxidations in general were accelerated in this 
condition, a prediction that was verified by direct measurements by Magnus 
Levy (226) two years later. Because of certain phenomena that characterize 
the disease, especially tachycardia and vasomotqr disturbances, the hyper- 
metabolism was at first attributed to stimulation of the sympathetic nervous 
system either by direct action of the thyroid hormone or by intermediary 
activity of the adrenal medulla. This teaching persisted despite the fact that 
certain manifestations of the disease (e.g., sweating and increased gastro- 
intestinal activity) can not be ascribed to sympathetic activity, while such 
chararlmsfir effects of sympathetic or suprarenal activity as hypertension 
and hyperglycemia are not found with any regularity in Graves' disease and 
can not be evoked by the administration of products of the thyroid gland. 
It has now been unequivocally demonstrated that the thyroid hormone has 
the general property of accelerating oxidative processes in all cells without the 
mediation of the nervous system. As early as 1897 Georgiewsky (139) re- 
ported that denervation of the heart by the master, Pavlov, did not modify the 
tachycardia induced by feeding a dog thyroid. Rohrer (307) was the first to 
demonstrate in vitro that the oxygen-consumption of minced tissues derived 
from animals which have been fed thyroid is greater than that of tissues from 
normal animals. A little later Foster (128) showed that the oxygen-consump- 
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lion of muscle isolated from Ihyroidcctomized animals is lower than normal. 
Since then it lias been established tint the hearts or auricles of thyroxinized 
animals, after they have been isolated, continue to contract at an abnormally 
rapid rate and to use excessive amounts of oxygen (8). Oxidation is similarly 
accelerated in striated muscle (116), liver (151), and kidney (270) of mammals, 
in the blood of alligators and in tissue extracts of mammals (9) which have 
previously received thyroxin, while it is reduced in similar materials from 
thyroidcctomized animals (116). Priestley, Markowitz and Mann (293) 
showed that the heart of a small dog, transplanted bodily into the neck of a 
larger dog which had received thyroxin, within 2 1 hours began to beat at an 
abnormally rapid rate and continued thus until, after some days, it ceased 
altogether to contract. Markowitz and Yater (231) found that thyroxin would 
act on cultures of the heart-muscle of two-day old embryo chicks, apparently 
before any nerve elements had been laid down. In none of these experiments 
was it proved conclusively that the thyroid hormone per sc acted directly on 
tissue cells. Davis and Hastings, recognizing that in the intact animal thyrox- 
ine works only after a considerable Latent period, maintained excised frogs’ 
hearts (91) and segments of limulus heart (with and without ganglion cells) 
(92) in a viable condition for long periods in media containing thyroxine. 
Under these conditions after several hours oxygen consumption rose quite 
definitely, indubitable evidence that thyroxine acta directly on the oxtdative 
mechanisms within cells, to which it gains access presumably through the 
circulating blood.* Just which one of the oxidative systems in the cells it 
affects is uncertain, probably not the glycogen-lactic acid cycle (9). Thyroid 
tissue alone appears to be unrcsjxmsive to the calorigenic action of thyroxine-, 
indeed this hormone seems to depress oxidation in the isolated thyroid gland 
(141). This may have a significant connection with the observation that 
administration of thyroxine to normal animals causes involution or atrophy 
of the thyroid. 

Although the thyroid seems to act essentially by accelerating some of the 
oxidative systems within the tissue cells, the nature of its stimulating activity 
is peculiar. The pulse rate and the minute volume of blood flow arc increased 

• It has been established bey ond reasonable doubt that the most acUve agents that can be 
obtained from the thyroid gland, even when they are injected directly into the blood stream 
or incubated in ritro with tissues, exert no influence upon physiological processes until an In- 
terval of several hours has elapsed. Innumerable experiments, in which it is claimed that 
acute effects of the thyroid hormone have been demonstrated, need, therefore, receive tvo 
consideration It is upon such experiments largely that the sympathetic nervous system 
and the ad renal medulla have been implicated in thy roid activity (see Krayer and Sato (195)). 

The effect of thyroid, once established, also persists for a considerable Interval Thyroid 
hyperactivity can be demonstrated in the isolated heart as long as it remains evident In Ihe 
thyroxinized animal, as much as 11 to 12 days after the administration of thyroid preparations 
has been discontinued (380). 
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far more by thyroid than they are by doses of dinitrophenol or dinitrocresol 
that increase oxygen consumption to the same degree (101, 251); after total 
thyroidectomy the minute volume of cardiac output falls further and more 
rapidly than the basal metabolism (5); the increase of circulation rate is greater 
in proportion to oxygen consumption in hyperthyroidism than it is during 
muscular work (42). Hyperthyroid patients and animals that have received 
thyroid or thyroxine appear to waste out of all proportion to the metabolic rate. 
In part this may be due to greater muscular activity, in part it must probably 
be attributed to a certain type of inefficiency: muscular works seems to cost the 
hyperthyroid patient more than usual. The energy spent in a given amount 
of muscular work is roughly proportional to the basal metabolism (41, 48, 290, 
330, 354). In leukemia, on the other hand, in which the basal metabolism is 
also increased, work can be performed at no more than the usual caloric cost 
(52). Similar inefficiency’ has been demonstrated in animals which have re- 
ceived thyroxine (68). 

The thyroid has been credited with a particular influence upon carbohydrate 
metabolism because in hyperthyroidism excessive hyperglycemia usually fol- 
lows administration of carbohydrate, post-absorptive hyperglycemia is not 
uncommon, and alimentary glycosuria is frequently encountered. In spite 
of these facts studies of the respiratory exchange after administration of glucose 
indicate that the hyperthyroid subject oxidizes sugar as readily as, possibly 
more readily than, the normal (178, 261, 319). Respiratory quotients'^ post- 
absorptive conditions and after ingestion of carbohydrate fall within normal 
limits. In part, at least, the excessive alimentary hyperglycemia is due to 
more rapid absorption of sugar from the intestine (4). In myxedema, whether 
this develops spontaneously or follows thyroidectomy, no characteristic dis- 
turbances of carbohydrate metabolism can be detected. 

Although patients with thyroid disease were included among the subjects 
from whom Benedict and Root (33) derived the formula relating insensible 
perspiration to basal metabolism, other observers have found that patients 
ft 3th thyroid disease depart distinctly from the normal rule. A group of 
cretins studied by Soderstrom and DuBois (333) eliminated by vaporization 
of water less than the usual proportion of the heat produced. A similar phe- 
nomenon has been noted by Gilligan and Edsall (142) in patients who were 
rendered myxedematous by thyroidectomy. Conversely, in hyperthyroid 
subjects Czike and Sz£l (90) and Jores (182) have reported unusually large 
losses of water by vaporization. Of course, there can be no certainty that the 
excess of water lost by evaporation by hyperthyroid patients was not derived 
from sensible sweat; but in its practical bearing on the use of insensible per- 
spiration as a measure of metabolism it makes little difference whether the 
water lost from the skin was insensible perspiration or sensible sweat, so long 
as the latter could be neither detected nor obviated with certainty. Jores (182) 
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has suggested that sweating be inhibited by atropine, which seems to have no 
direct effect on insensible perspiration. 

The chemical nature of the thyroid hormone and its various derivatives is 
discussed in the chapter on Iodine. It will suffice to state here that the iden- 
tification of the native honnone with thyroxine is a disputed subject. Thy- 
roxine is almost, if not entirely, inert when given by mouth (1, 173, 357), 
whereas fresh or dried gland and thyroglobulin given by the same channel niff 
both cure myxedema and increase the basal metabolism of normal animals. 
Palmer and Leland (276), from assays on normal animals, concluded that the 
activity of normal or pathological glands alike was proportional to and entirely 
dependent upon the thyroxine which they contain. Means, Salter, Thompson 
and their associates found by assays on myxedematous subjects that the 
calorigenic effect of dried thyroid gland (254, 358), of thyroglobulin (313) and 
of a polypeptide derived from thyroglobulin (315) were proportional to the 
total organic iodine tlmt they contained, even though a large amount of this, 
when the protein was hydrolyzed, consisted of the inert product diiodo tyrosine. 
More recent experiments by Lerman and Salter (202) have shown that in 
normal human subjects, as in the animals investigated by Palmer and Leland, 
the calorigenic activity is proportional to the thyroxine only. At the same 
time Thompson, Thompson, Taylor and Dickie (359) have found that heating 
dried thyroid with alkali reduces its potency in myxedematous subjects to 
about the extent that would be expected if only the thyroxine fraction were 
active. Finally, Salter (314) has succeeded in producing calorigenic material 
that cures myxedema, but contains no thyroxine, by incorporating iodine in 
proteins. This confirms earlier observations of Abelin (2). Reincke, William- 
son and Turner (29S) added powdered iodine to skimmed milk or to casein 
solutions alkahnizcd by means of sodium bicarbonate, and incubated the 
mixtures at 38°C. These preparations were assayed for calorigenic activity 
on both guinea pigs and tadpoles. By both methods it was found that the 
preparations reached a maximum efficiency when the}’ contained 2 atoms of 
iodine for each molecule of tyrosine. 

After operative extirpation of the thyroid gland and in patients with con- 
genital (351) or acquired myxedema the basal metabolism is usually as much as 
20 pec cent, and may he 35 to 45 per cent, below the normal average. 10 In 
these conditions it also appears to be less variable than it is in normals (120, 
252). The reduction after total thyroidectomy (37, 143, 190) or after with- 
drawal of thyroid in myxedema (226, 231, 252, 288) is not precipitate, but 

‘“This variability may be referable to nutritive disturbances and complications that fre- 
quently attend myxedema or cretinism in humans. The reduction oi metabolism that follows 
thyroidectomy in animals is quantitatively more constant and reproducible and, on the aver- 
age, greater than that observed in the run of the mill clinical subject of myxedema or patients 
oho have been subjected to total thyroidectomy. 
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proceeds gradually over a period of 40 to 60 days or more. Potent products 
of the thyroid gland, if given to subjects in a completely a thyroid state, have 
a more or less quantitatively predictable effect upon both symptoms and basal 
metabolism. Means and Salter (120, 252) earlier suggested that the effect of 
thyroid preparations was directly proportional to the extent of the reduction 
of metabolism: that is, the lower the metabolism, the more it would be in- 
creased by a given dose of thyroid. This was not supported by Kendall (185), 
who claimed that the basal metabolism of an adult was increased about 1 per 
cent by each 0.3 to 0.5 mg. of thyroxine and that the dose required to raise the 
basal metabolism of a myxedematous patient to the desired extent could be 
estimated on this basis. In a reinvestigation of the subject, Winkler, Criscuolo 
and Lavietes (376b) have found that the dose of thyroid required to eliminate 
the clinical evidences of hypothyroidism and to restore the metabolism of the 
myxedematous patient to normal is quite constant. The administration of 2 
to 3 grains (0.13 to 0.2 gram) of U.S.P. dried thyroid to an adult with this, 
condition may be expected to abolish symptoms and to restore the basal me- 
tabolism to normal, whatever its initial level may have been. In fact this 
quantitative effect of thyroid preparations is one of the most valuable criteria 
of the accuracy of the diagnosis of myxedema. Failure to recognize it can 
probably be attributed to two factors. The first of these is the variability 
of the initial basal metabolism, which is probably referable to associated 
complicating conditions, which usually increase the metabolism and are prone 
to disappear as the myxedema improves. The myxedema patient with the 
higher metabolism, therefore, seems to require proportionally more thyroid 
than the patient with a metabolism that is greatly reduced. The second factor 
is the erroneous application of the diagnosis, myxedema, to patients who have 
moderate hypometabolism from other causes. Such subjects are often pecu- 
liarly resistant to the effects of thyroid preparations. 

The normal person appears to be less sensitive to the action of thyroid. 
Meyer and Wertz (255) have shown that the thyroidectomized rat is more 
sensitive and more consistent than the normal rat in its reactions to thyroid 
preparations. Krogh and Lindberg (198) and Palmer and Leland (276) found 
that, within certain limits, the increase of basal metabolism of normal animals 
is proportional to the dose of thyroxine given. But it is difficult to force the 
metabolism more than a certain degree above the normal range, indicating 
that the reaction to thyroid follows the la\v of diminishing returns. 

Means and Lerman (252) assert that the condition of myxedema, which 
they identify with complete ablation of thyroid activity, can be recognized; 
hut that lesser degrees of thyroid deficiency are not detectable. Thurmon 
and Thompson (361) admit that hypothyroidism may fall short of myxedema. 
To distinguish these cases they advocate the test of thyroid therapy. The 
criteria on which they depend, however, are not entirely reliable: increase of 
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basal metabolism can be induced by thyroid in subjects who do not have 
thyroid deficiency; symptomatic improvement is altogether too subjective to 
evaluate. Aid may be derived from parallel studies of the concentrations oi 
cholesterol, iodine and non-filtrable magnesium in the serum. 

According to most modem views thyrotoxicosis (a term which will be used 
to include all conditions of spontaneous hyperthyroidism) must be considered 
not as a primary disease of the thyroid, but as a condition in which, for some 
one or many reasons, as yet obscure, the thyroid delivers itself of more than the 
usual quantities of hormone. This accelerates oxidative processes in the body, 
causing the basal metabolism to rise to a variable, sometimes an extreme degree, 
reaching levels 100 per cent or more above the normal average (249). This 
serves as an accurate objective measure of the severity of the disease, unless 
it is modified by some complicating condition. Wasting usually ensues in 
spite of heightened appetite, but can be mitigated or prevented by rest and 
forced feeding, if the condition is not too severe. The disease affects females 
far more often than males, appearing most frequently in early adult life or 
about the climacteric. Its course is usually marked by remissions and exacer- 
bations and is occasionally rapidly self-lorminalive. It is usually accompanied 
by hypertrophy and always by hyperplasia of the thyroid gland. Although 
the metabolic disturbances can be accurately reproduced by administration 
of thyroxiue or other active thyroid products, certain manifestations of the 
disease, notably exophthalmos, can not. Similarly, these are not abolished 
by thyroidectomy, which still remains the most generally accepted method of 
treatment. If enough glandular tissue is removed the metabolic abnormalities 
and most of the signs and symptoms of the disease disappear. They can 
also be temporarily relieved or eliminated by the administration of iodine (40, 
2S9). Tor this reason iodine is now generally employed as a preliminary to 
operative interference. 

The standard procedure is to administer iodine until the basal metabolism, 
which should be measured at frequent intervals, has reached a minimum level. 
This usually happens after from one to two weeks, but is sometimes delayed 
longer. At this time operation can be undertaken with the least risk. Plum- 
mer and Boothby (42, 289, 291), Means and his associates and others, who 
first employed iodine extensively for preoperative treatment, found that the 
reduction of basal metabolism induced by the drug was usually not sustained. 
This gave rise to the opinion that its action was transitory and that patients 
became refractory to it. Nevertheless, others (214, 267) had reported pro- 
longed reduction of basal metabolism with alleviation of symptoms of thyro- 
toxicosis under continued treatment with iodine. With further experience 
the idea that refractoriness to iodine develops has been shaken by the repeated 
observation that withdrawal of the drug at a time when the basal metabolism 
has risen in spile of it, is regularly followed by a further rise, often precipitate 
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and sometimes alarming, which recedes when the administration of iodine is 
resumed (253). Iodine has no effect on the basal metabolism of normal in- 
dividuals, nor does it modify the reaction to administration of thyroid (74, 345). 

Destruction of the gland by x-ray has also been employed for the treatment 
of thyrotoxicosis. Although highly favorable results have been claimed for 
this form of therapy, it is generally considered less consistently and perma- 
nently efficacious than operation (249). 

Recently it has been discovered that certain sulfur-containing compounds 
promote hypertrophy and hyperplasia of the thyroid gland and reduce its 
activity. The compounds which have been most intensively investigated are 
thiourea and thiouracil. Details of then action will be more fully described 
in the chapter on Iodine. They appear to inactivate the thyroid gland by 
blocking the formation of diiodotyrosine and thyroxine (12b, 225a). Their 
goitrogenic effect seems to be a special case of the influence of iodine deficiency. 
By means of these drugs it is possible to allay hyperthyroidism and even to 
reduce the basal metabolism to myxedematous rates (12a, 376a). Their 
action appears to be completely reversible. They have been recommended 
for the preoperalive treatment of hyperthyroidism and for more prolonged 
treatment of mild or complicated cases (297a). 

By measurement of basal metabolism hyperthyroidism can be distinguished 
from benign adenomas of the thyroid or colloid goiters occurring in nervous 
individuals and from the conditions known as “disorderly action of the heart,” 
“effort syndrome,” or “autonomic imbalance.” In these disorders, which can 
often be mistaken for thyrotoxicosis, the basal metabolism is normal (279). 
Hypermetabolism is not, however, pathognomonic of hyperthyroidism and can 
not be used as the sole diagnostic criterion to the exclusion of other clinical 
and metabolic signs. Patients are not infrequently encountered with hyper- 
metabolism and circulator)' disturbances highly suggestive of hyperthyroidism, 
which respond little, if at all, to iodine or thyroidectomy. Indeed indubitable 
myxedema has been observed after this operation, although the basal metabo- 
lism was still in or above the normal range (284). Such patients usually 
present anomafous features. Frequency they cfo not lose weight in spite of 
the high metabolism, not infrequently they are obese; hypertension is not 
uncommon; a certain number have diabetes. Serum lipids are usually above 
or in the upper limits of the normal range; iodine may be somewhat elevated, 
but not as high as it is in true hyperthyroidism. 

Likewise, although measurement of basal metabolism is the best means of 
differentiating myxedema from obesity and the best index of the efficacy of 
treatment in the former, the mere presence of low basal metabolism does not 
establish the diagnosis of hypothyroidism nor warrant the indiscriminate ad- 
ministration of thyroid. The resistance of some patients with hypometa holism 
to the action of thyroid is frequently cited erroneously as evidence of hypo- 
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thyroid ism. It has already been pointed out Hint the myxedematous subject 
appears to be more, not less, susceptible than the normal to the calorigenic 
properties of thyroid preparations. An investigation of a series of patients 
with low basal metabolism (376b) has revealed three types of reaction to the 
administration of dried thyroid. In a certain proportion moderate doses 
increase the basal metabolism and provoke symptoms of hyperthyroidism 
before the basal metabolism has risen to the level at which such symptoms 
may usually be anticipated. In another group quite large doses, 3 to 5 grains 
of U.S.P. thyroid, have little or no c fleet on either subjective state or basal 
metabolism. In the third group thyroid raises the metabolism at first, with 
or without symptoms, but if the drug is continued, the metabolism relapses 
to its old low level. These subjects apparently de\ clop a tolerance to thyroid 
products, or an ability to dispose of them. The same persons require much 
larger doses of intravenous thyroxine than do normal persons to induce a com- 
parable rise of basal metabolism. 

It must not be assumed that the aim of therapy in myxedema is to restore 
the basal metabolism to any exact theoretical norm without consideration 
of the subjective sense of w ell-being of the patient. Thompson and Thompson 
(356) have reported that certain myxedematous patients develop definite 
hyperthyroid symptoms when their basal metabolism is forced up to normal, 
and do much better if it remains 10 per cent or more below. They have sug- 
gested, quite reasonably, that such subjects belong among the groups of persons 
who inherently have a subnormal metabolic rate. 

Finally, it must be emphasized that specific treatment of hyperthyroidism, 
whether by iodine, operation or rest, must not be trusted to the neglect of 
palliative symptomatic treatment. The wasting which results from the ab- 
normal demands for energy production can be alleviated or prevented by high 
caloric diets and rest. The character of the diet is less important than its fuel 
value, although low protein diets are contraindicated, because of the difficulty 
of maintaining nitrogen equilibrium. 

The hypophysis. Disturbances of basal metabolism have been reported in 
various diseases and disorders of the pituitary gland and it has long been sug- 
gested that they arise through the action of the pituitary upon the thyroid. 
Rogouitsch (306) in 1889 detected after thyroidectomy various changes in the 
histology of the pituitary that suggested increased functional activity. Since 
then it has been repeatedly shown that destruction or absence of the thyroid 
gland leads to hypertrophy and hyperplasia of the anterior lobe of the hypo- 
physis (51, 94, 225, 332, 370, 382). Hohhveg and Junkmann (172) claim that 
these changes can be prevented by administration of thyroid substance. Con- 
versely the thyroid gland has been found atrophic in Simmonds' disease (hypo- 
physeal cachexia) (130, 148, 309, 329) and after removal of the anterior lobe 
of the hypophysis (129). In addition the basal metabolism is low in Sim- 
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monds’ disease (329) and falls after hypophysectomy (129). According to 
Houssay and Artundo (177) this fall does not occur if the thyroid has been 
removed previously. Furthermore, Houssay (175) finds that if the hypo- 
physis alone is removed the basal metabolism declines only 20 or 30 per cent 
below normal without the appearance of the symptoms and signs of myxedema; 
a further drop to about —40 per cent, with development of myxedema, follows 
subsequent extirpation of the thyroid. It may be inferred, then, that the 
hypophysis influences basal metabolism only by intermediation of the thyroid 
and that its removal greatly diminishes, but does not completely suppress, 
activity of this gland. 

In 1929 Loeb and Bassett (211) and Aron (10) independently reported that 
injection of preparations of the anterior lobe of the pituitary caused hyper- 
trophy and hyperplasia of the thyroid gland, with loss of colloid from the acini, 
an anatomical and histological picture closely resembling that seen in the 
thyroids of patients with Graves’ disease. According to Anderson and Collip 
(6) purified extracts containing the thyrotropic principle of the anterior pitui- 
tary also prevent the atrophy of the thyroid which usually follows hypophysec- 
tomy. In addition to their effect on the morphology of the thyroid, anterior 
lobe preparations increase the basal metabolism quite definitely (327). This 
is not due to direct calorigcnic action of the material itself, but to its effect as a 
thyroid stimulant, since these extracts increase the metabolism only if the 
thyroid gland is intact (11, 176, 177, 381). Numerous individuals have re- 
ported that isolated thyroid tissue from animals that have received thyrotrophic 
preparations has an abnormally high oxygen consumption (23, 24, 67, 365). 
Addition of active extracts to thyroid tissue in vitro increases oxygen con- 
sumption (7, 67). There is some disagreement as to the effect of thyrotrophic 
extracts, when given to the intact animal, upon the oxygen-consumption of 
tissues other than thyroid. Canzanelli and Rapport (67) reported inconsistent 
effects on the liver, while Belasco (23) found that the oxygen consumption of 
both liver and kidneys increased. Oxidations of extrathyroid tissues are not 
affected by the addition of thyrotrophic hormone in vitro (7, 67). Thecalori- 
genic action of the hormone upon the thyroid gland is diminished or abolished 
by the administration of iodine-containing preparations to the intact animal 
(67) or the addition of such preparations to thyroid tissue in vitro (365). 

Thompson and his associates (360) found that anterior pituitary extracts 
with thyrotrophic activity increased the basal metabolism of patients with 
non-toxic goiter. Graves’ disease, and with low basal metabolism not clearly 
referable to disease of the thyroid. The same extracts were also effective in 
some patients who were supposed to have “mild myxedema”; but failed to 
raise the basal metabolism of patients with outspoken myxedema. 11 Sharpey- 

11 Until thyrotrophic extracts hare been secured in purer form they can serve no useful 
therapeutic purpose and must be employed with care even for experimental and diagnostic 
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Schafer and Schrire (323) confirmed these observations. In addition they 
found 3 subjects with low basal metabolism, but no evidence of thyroid de- 
ficiency, and one with acromegaly, who were unresponsive to large doses of 
thyrotrophic extract. In one instance biopsy revealed a resting thyroid gland 
without signs of increased activity. The similarity of the disturbances induced 
by the thyrotrophic hormone to Graves’ disease is not limited to the anatomical 
transformation of the thyroid gland anil the accelerated oxidations; it extends 
to all the other disorders— nervousness, tachycardia, and exophthalmos itself. 
The analogy, how ever, goes even, further: the thyrotrophic effects of the anterior 
pituitary can he prevented or suppressed by the administration of iodine (130, 
131,212, 274, 328). 

The discovery of the thyrotrophic hormone aroused great hopes that the 
cause, or one of the causes, of Graves' disease had been discovered. By means 
of its solubilities and other chemical properties it has apparently been differ- 
entiated from the gonadotrophic (183), adrenotrophic (294), growth-promoting 
(294), ketogcnic (183) and diabetogenic fractions of the anterior lobe. It can 
be found in the scrum of animals that have received anterior pituitary extracts 
(160, 212) and gains access to the urine (11). Hertz and Oastler (160) by a 
biological test, demonstrated its presence in the scrum and urine of 8 patients 
with myxedema, but found none in the urine or serum of 7 patients with 
Graves’ disease. Starr and Rawson (339) have reported similar results. In 
only two out of 14 hyperthyroids was any evidence of thyrotrophic activity de- 
tected and this was slight. Cope (82) found that sera from hyperthyroid 
patients reduced, rather than augmented, the activity of guinea-pig thyroid 
glands. The urine from both normals and patients w ith Graves’ disease caused 
hyperplasia, but no hyperactivity of the guinea-pig thyroid. Unmistakable 
thyrotrophic activity was demonstrated in the urine of 2 patients with Graves’ 
disease. On the other hand, Cope could demonstrate no activity in the sera 
or urines of patients with myxedema, in this respect differing from other ob- 
servers. The consistent absence of thyrotrophic hormone in the urine in thyro- 
toxicosis throws some doubt upon the relation of clinical hyperthyroidism to 
pituitary hyperactivity. Nevertheless it seems more than coincidental that 
clinical Graves’ disease is more closely simulated by the disturbances evoked 
by the thyrotrophic hormone than by any other stimulus. The question has 
been raised whether in hyperthyroidism the presence of thyrotrophic activity 
in the urine may not be masked. 

In acromegaly nervousness, vasomotor disturbances, increased basal metabo- 
lism and goiter occur with more than the usual frequency (51, 88, 226). Be- 
cause of these associations It has been variously contended that the pituitary 
gland itself influences the basal metabolism or that its calorigenic activity is 

purposes in humans because their action is transient, on mg to the production of antilbyro- 
trophic activity. The latter is probably of the nature of an immune reaction. 
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secondarily derived through stimulation of the thyroid. Cushing and Davidoff 
(88) found that in 32 of 72 patients with acromegaly the basal metabolism had, 
at some time, been more than 10 per cent above the normal average; in 6, 
however, it had been more than 10 per cent below; in the remaining 34, almost 
half, it never departed from the normal limits. In addition definite goiters 
were found in 8 of the cases with high, but in none of those with low, basal 
metabolism. Of 30 cases reported by Boothby and Sandiford (46) 2 had basal 
metabolism below —10, 15 above 10, and 13 within normal limits. Hyper- 
metabolism is not, therefore, a consistent characteristic of acromegaly as this 
is encountered in practice. Although the basal metabolism was reduced by 
thyroidectomy in some of Cushing and DavidofPs cases, it did not always fall 
to the normal level. Furthermore in only one of their acromegalics to which 
it was given did iodine lower the basal metabolism. Finally the thyroid glands 
which were removed at operation from their patients had the appearance of 
colloid goiters rather than the active hyperplasia which characterizes human 
glands in Graves’ disease as well as the glands of animals which have received 
thyrotrophic hormone. It seems probable, then, that the increased metabolism 
in acromegaly is not regularly referable to excess of thyrotrophic hormone, an 
inference that might be drawn also from the separability' of this hormone 
from the growth-promoting principle. Riddle (303) and O’Donovan (271) 
have recently both prepared from the anterior lobe of the pituitary' extracts 
which increase oxidations in thyroidectomized animals. These preparations 
differ from active thyrotrophic extracts in that the basal rises promptly after 
their administration, whereas the thyrotrophic principle works only after the 
lapse of a considerable interval of time. The calorigenic effect of the extracts 
of Riddle and O’Donovan must, therefore, reside in some other factor than the 
thyrotTophic hormone. Riddle believes this is the lactogenic hormone. 

In the basophilic syndrome of Cushing (87), also, the basal metabolism is 
often abnormal. In this condition moderate reductions are not infrequently 
encountered; but again striking increases have been reported, sometimes in 
conjunction with goiters. As yet no diagnostic significance can be attached 
to these metabolic disturbances. Chromophobe adenomas appear to have no 
specific effect on basal metabolism. However, if they become sufficiently large 
to cause destruction of the pituitary, the metabolism will fall to the low levels 
characteristic of the hypophysectomizcd animal (88). 

After ablation of the pituitary the basal metabolism falls some 30 per cent 
below the normal rate. At the same time the thyroid gland undergoes atrophic 
degeneration. Nevertheless it can not be taken for granted that the low' me- 
tabolism is entirely referable to absence of the thyrotrophic hormone. The 
hypophy'sectomized animal, in contrast to the thyroidectomized, loses weight. 
The wasting results from failure to take the proper amount of nourishment. 
Wasting of the degree encountered in Simmonds’ disease (pituitary' cachexia), 
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however it may be brought about, is associated with reduction of basal metabo- 
lism. This may fall 30 per cent below normal after much less extreme wasting 
(218). Not only the hypometabolism, but also the other sj-mptoms, signs and 
metabolic disturbances of pituitary cachexia can apparently be reproduced by 
extreme, chronic undcmutrilum approaching complete starvation, and can be 
abolished by the administration of adequate diets (54). In such conditions 
these conservative processes may be brought into play by inhibition of the 
pituitary gland. On the other hand, absence of the pituitary may cause loss 
oi appetite or some other dysfunction that leads secondarily to wasting, which, 
in turn, is responsible for some or all of the metabolic disturbances that ulti- 
mately develop. The latter view is more consistent with the evidence at hand. 
Samuels, Reinecke and Ball (316) have shown that rats do not waste nor does 
their metabolism fall after hypophysectomy if they are given by forcible meth- 
ods the usual quantity of food. Rats with hypothalamic lesions that induce 
obesity by exaggerating appetite, become obese even if their hypophyses are 
removed (162). 

Much emphases has been laid by some authors upon the relation of pituitary 
activity to the specific dynamic action of foods on the basis of entirely unsatis- 
factory evidence (135, 262). The impairment of carbohydrate metabolism 
may be so great in acromegaly, and less frequently in basophilism, that a true 
diabetic condition results. In these circumstances the metabolic disturbances 
characteristic of diabetes w ill be found (see below). 

On the whole measurement of theiespiratory metabolism has little diagnostic 
value in pituitary diseases, although it may serve as a useful guide to therapy. 

The siiprarcJials. After epinephrin injections the metabolism rises rapidly 
and remains elevated so long as the action of the drug persists. While some 
insist that this is due to a specific calorigepic action of the drug (146), others 
believe it is a result of general sympathetic stimulation and the production of 
increased muscle tonus. With the rise of metabolism the respirator}' quotient 
also rises (44). Part of the initial rise must be due to reduction of blood bi- 
carbonate by lactic acid and the ovcrventilation which follow administration 
of the drug (123, 285). How far increased oxidation of carbohydrate also 
contributes is uncertain. The question is discussed at length in the chapter 
on. Carbohydrate. 

In Addison’s disease most observers have found the basal metabolism low 
(16, 44, 46, 244). It also falls in animals after removal of the suprarenal glands 
(73). The basal metabolism is not characteristically altered in patients with 
cortical adenomas and does not aid in differentiating the condition from pitu- 
itary basophilism (366). 

The parathyroid glands have not been shown to have any definite effect on 
the basal metabolism or the combustion of the different foodstuffs. 

Sex glands. Removal of the sex glands from males and females, despite its 
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obvious effects on the characteristics of the individual, seems to have no demon- 
strable permanent influence on heat production or the intermediary metabolism 
of the different foodstuffs (110, 188). Administration of available extracts 
containing hormones of the sex glands are equally without effect. Neverthe- 
less, some of the phenomena associated with sex and sex-life appear to have a 
definite influence on metabolism. The difference between the basal metabolic 
rates of the two sexes has already been mentioned. From the first year of life 
onward the metabolism of females is distinctly lower than that of males of the 
same age and size. The curve relating basal metabolism to age may show a 
definite break at puberty (110). Benedict and Finn (31) believe that the 
basal metabolism diminishes detecfably during the menstrual period. The 
rapid increase of weight observed in certain men and women at or after middle 
life is, like simple obesity, usually associated with no demonstrable metabolic 
disturbance. 

There has been a tendency to attribute the variations of basal metabolism 
connected with sexual differentiation and development to fluctuations in the 
activity of the thyroid gland, as if this gland had sole control of the rate of 
oxidative processes in the body. This tendency has been supported by the 
observation that pathological aberrations of thyroid function most frequently 
occur during periods of sexual metamorphosis or activity, puberty, early adult 
life, pregnancy and the climacteric, and are commoner among females than 
males. Although these connections are interesting, they constitute no proof 
that the thyroid is directly and solely responsible for the sexual differences 
and fluctuations of metabolism. 

In the latter months of pregnancy, when the size of the fetus becomes appre- 
ciable in relation to that of the mother, the basal metabolism of the mother 
increases more than either her weight or surface area (155, 308, 318). Sandi- 
ford and Wheeler (317, 318) estimated that the increase was proportional to 
the combined surface areas of mother and fetus and therefore indicated no 
actual increase of activity of the maternal tissues. These estimations have 
been questioned by Rowe and Boyd (311). These authors found in a series 
of cases that the excess metabolism amounted on the average to 13 per cent, 
a fraction altogether too large to be accounted for by the surface area or weight 
of the fetus. Marine, Cipra and Hunt (232) have attributed the increase to 
hyperactivity of the thyroid, claiming that it is abolished by thyroidectomy. 
Their results are not, however, convincing. Since it was necessary in their 
experiments to remove the thyroids from rabbits during pregnancy it is hard 
to define the initial level of metabolism. In many animals there seemed to be 
a rise in the later part of pregnancy. Far more significant is the fact that the 
metabolism fell at the conclusion of pregnancy and lactation, proving that it 
had previously been abovd the level appropriate to the thyroideclomized ani- 
mal. Ilodansky and Duff (39) claim tliat pregnane}’ makes rats more resistant 
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to the effect of thyroid. During pregnancy if the diet is adequate, nitrogen is 
stored for the growth of the fetus. 

Shortly after pregnancy the metabolism falls again (155). It may reach 
the normal level or lower in spite of the demands of lactation, perhaps because 
of lessened activity of the mother. During lactation, if sufficient food is given, 
studies of urine and feces alone may indicate a positive nitrogen balance. Most 
of the protein apparently retained, however, is actually excreted in the milt. 

CENTRAL NERVOUS SYSTEM 

The central nervous system influences metabolism, but the manner in which 
it exerts Us influence is still largely a matter of conjecture. Asher and Flack 
(12) early claimed, on the basis of acute experiments, that stimulation of the 
nerves to the thyroid increased the secretory activity of the thyroid. Since 
it has been clearly established that the thyroid hormone acts only after a con- 
siderable latent period, these exj>crimcnts could be disregarded, even if they 
had not been refuted directly by Kraycr and Sato (195). Crawford and 
Hartley (85) could detect no histologic changes in the thyroid gland after 
stimulation of its nerves. Cannon, Bingcr and Fitz (64) reported that tachy- 
cardia and accelerated basal metabolism could be produced by anastomosing 
the phrenic nerve to the cervical sympathetic. Marine, Rogoff and Stewart 
(233) were unable to repeat this experiment. More recently Friedgood and 
Cannon (133) succeeded in 2 out of 28 cats in reproducing the phenomena 
described by Cannon, Bingcr and Fitz- The hyperlhyroid picture was only 
partly relieved by removing the lobe of the thyroid on the side of the nerve 
anastomosis, but did resolve after the anastomosis was excised as well. The 
authors suggest that the sympathetic works on the thyroid, not directly, but 
by way of the pituitary, stimulating the production of thyrntrophic hormone. 
Shaw (325) claims that Graves’ disease can be cured by cervical sympathec- 
tomy. This again has failed of confirmation; even exophthalmos is not entirely 
relieved by this operation (240). Cervical sympathectomy does not interfere 
with the action of thyrntrophic hormone (194), which produces a syndrome 
closely resembling Graves’ disease. Haney (154) has claimed that in rabbits 
interrupted tetanic stimulation of the cephalic end of the cervical sympathetic 
trunk, cut low in the neck, is followed, after about 2 days, by a rise of basal 
metabolism that persists for a long period, as much as 30 to 40 days. This 
response can not be elicited after thyroidectomy. In addition the metabolism 
falls to the normal level with great rapidity if the thyroid is removed after the 
metabolism has been raised by sympathetic stimulation. This rapid fall is 
quite inconsistent with the slow rate at which the metabolism subsides after 
thyroidectomy under other circumstances. Friedgood and Bevin (132) could 
demonstrate no consistent clianges in the basal metabolism of rabbits as a 
result of stimulation of the cervical sympathetic, although it sometimes rose. 
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The characteristic signs of hypersecretion were discerned in the thyroid glands 
of the animals. 

Concerning the effects of lesions situated higher in the central nervous system 
little is known. There is a wide spread opinion among clinicians that hyper- 
thyroidism may be precipitated by emotional disturbances, but actual evidence 
to support this opinion is hard to find. There is no doubt that acute emotional 
disturbances may accelerate heat production. On the other hand, the basal 
metabolism is not consistently altered in psychoses (113, 159, 174)' 2 and is 
usually normal in patients with psychoneuroses that manifest themselves in 
autonomic instability (279). Certain subjects can apparently accelerate 
oxygen-consumption by voluntary' motor activity of so subtle a nature that 
it can not be detected by even practised observers (71). Rackieten (295) has 
shown that removal of the motor cortex of monkeys causes heat production to 
rise. This hypermetabolism appears to be merely an expression of spasticity, 
and is, therefore, similar to the effects of other types of muscular activity, since 
it persists only as long as spasticity remains. 

Because of its intimate relation to temperature control the hypothalamus 
has been suspected of having an influence also upon heat production. It has 
been demonstrated that destructive lesions in this region may abolish the 
ability to maintain body temperature against environmental changes, reducing 
homolhermic animals almost to the poikilothermic state (21, 192). Grafe 
and Griinthal (147) claim that such lesions cause prolonged falls of basal 
metabolism. Bruhn (56) in one monkey found that the metabolism fell about 
12 per cent as the result of a lesion in the region of the tuber cinereum. It 
would seem probable that irritative lesions in the same region would have an 
opposite effect, but no direct confirmation of this supposition has been found. 
It is clearly recognized that certain diseases, injuries and tumors of the mid- 
brain give rise to extreme hyperpyrexia. Presumably in these cases heat 
production is increased. Risak (304) has reported 8 cases which developed, 
after encephalitis, pictures closely resembling Graves’ disease. Unfortunately 
the effects of iodine or thyToidectomy on these syndromes apparently were not 
studied. It is, however, unlikely that the ciiorigenic stimuli from the brain 
are implemented by the thyroid. Mansfeld, Tyukody' and Scheff-Pfeifer (230) 
could not lower the basal metabolism of untreated or of thyroid-fed dogs by 
section of the spinal cord in the cervical region. Man and Peters (227) have 
mentioned a group of patients with diabetes, lipemia and high basal metabo- 
lism with evidence of disease of the pituitary or mid-brain. In certain of these 
the metabolism was unaffected by iodine or remained elevated after subtotal 
thyToidectomy. One of the authors (JP) has encountered at least two cases 

** The difficulties o{ estimating basal metabolism in patients with diseases of the central 
nervous system are enhanced because it is so often impossible to control voluntary and in- 
voluntary motor activities or to evaluate their effects. 
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with the post encephalitic syndrome who had hypermetabolism which did not 
respond to iodine. In one, subtotal thyroidectomy was also without appre- 
ciable effect. These patients did not simulate Graves’ disease clinically. It is 
jjossible, then, that diseases of the mid-brain may increase basal metabolism 
without the intervention of the thyroid gland. 

DRUGS 

Alcohol can be almost completely oxidized in the body without producing 
any appreciable effect on the metabolic rate. It bums with a respirator)' 
quotient of 0.67 (70, 165). 

Tobacco smoking has been found to raise the metabolic rate in some subjects 
by 5 to 15 per cent (98). 

Cajfeitic distinctly increases the metabolism (117, 166, 250). Means, Aub 
and DuBois (250) noted rises of from 7 to 23 per cent after giving 0.5 to 0.7 
gram by mouth. 

Lesser rises have been observed by Edsail, Means and Higgins (117, 166) 
after camphor and atropine. 

Morphine may cause the metabolism to fall slightly (117). The fact that it 
also causes retention of carbon dioxide because of respiratory depression may 
explain the low respiratory quotients obtained by some observers after its 
administration. 

Iodine and iodides, in spite of their striking effects in thyroid disease, do not 
seem to influence the metabolism of normal individuals. 

Thiourea and thiouracil lower basal metabolism by their action on the thyroid 
gland, which has been described above. 

Great interest for a while centered about the action of dinilrophenol , diniiro- 
cresol and a group of related drugs. These drugs proved to have the pow er to 
increase the speed of oxidations in the body as a whole or in isolated tissues 
(118, 348, 349). The increase of metabolism is not, however, associated with 
the profound disturbances of the circulatory and nervous systems induced by 
equicaloric doses of thyroxine or other active thyroid products (101, 114, 251, 
341). Dinilrophenol exerts its calorigenic activity upon spontaneously myx- 
edematous or thyroidectomized subjects, but does not abolish the associated 
symptoms of myxedema (101, 114, 251). The hypermetabolism which it 
produces is not attended by the other metabolic disturbances which accompany 
hyperthyroidism (89, 118). Its action develops rapidly and is dissipated as 
quickly (114, 118). For purposes of physiological investigation the discovery 
of a group of potent calorigenic drugs that act through hitherto undiscovered 
paths is of great importance; from the standpoint of clinical medicine it has 
little significance. For a time dinilrophenol was used extensively for the 
treatment of obesity, but it w-as soon discovered to have most unfortunate 
toxic effects, causing at times exfoliative dermatitis and, in a certain proportion 



ENERGY JIETABOLtsiI 


65 


of patients, the formation of cataracts. Its clinical use is, therefore, quite 
unjustifiable. 


TOTAL AND BASAL METABOLISH IN DISEASE 
Infections and injuries ("toxic destruction of protein ") 

Most of the experiments on the effect of internal temperature changes have 
been conducted on patients with infectious diseases. The heat production 
in these conditions appears to bear a constant relationship to the body tem- 
perature (19, 20, 43, 79, 108). 

There are, in addition, qualitative changes in the metabolism in acute in- 
fectious diseases that can not be related to fever. It has long been recognized 
that patients with a variety of acute infectious diseases use protein extrava- 
gantly (79, 80, 81, 10S). This “toxic destruction of protein" could apparently 
be allayed, if at ail, oniy by the administration of great excesses of protein and 
calorics (81). It has recently been discovered that the phenomenon is not a 
specific reaction to infections; it occurs after severe injuries or operations. It 
can not be attributed to accelerated energy expenditure, since protein can be 
protected in both exercise and hyperthyroidism by the provision of calories. 
Besides, this protein wastage persists after injuries or in infections when fever 
and other evidences of increased heat production have ceased (79, 148a, 283a). 
It has been observed during convalescence from acute infections after the 
temperature has subsided and symptoms have disappeared (148a). 

“Toxic destruction of protein” is not unconditionally associated with infec- 
tion or injury’. Patients nith chronic infections do not expend protein ex- 
travagantly (148a, 243). After severe injuries'— for example burns — have per- 
sisted for a considerable time, it is comparatively easy to establish nitrogen 
equilibrium or positive nitrogen balance (53a). The tendency to waste protein 
appears to be a reaction to injury' characteristic of previously healthy, well- 
nourished patients. 

This subject is discussed at greater length in the chapter on Net Nitrogen 
Metabolism (see also (283a)). 

During convalescence from lobar pneumonia (144) and other acute infections 
(320) the basal metabolism may sink to extremely low levels. This is probably 
only’ a special example of the effect of undernutrition. 

Diabetes vtellilus 

Much of our knowledge of the intermediary metabolism of foodstuffs has 
been gained through studies of diabetes, either as it occurred spontaneously in 
human beings, or as it was produced in animals by the administration of 
phlorizin or the removal of the pancreas. The animal generally chosen for these 
experiments has been the dog and it has been tacitly assumed, in the face of 



66 


ENERGY JfETABOLlSSt 


disquieting evidence to the contrary, that direct comparisons could be drawn 
between the behavior of this animal and man. In addition it has been as- 
sumed that the manner in which carbohydrate metabolism is impaired is of no 
moment. Long (215) and Lukens (217) have shown that the effects of pan- 
createctomy differ greatly from species to species; in the duck it apparently 
affects carbohydrate metabolism imperceptibly. Carbohydrate starvation 
causes ketonuria in the rat only under particular conditions (203). The ad- 
ministration of extracts of the anterior lobe of the pituitary also produces 
diabetes (sec chapter on Carbohydrate Metabolism). 

Human diabetes can be recognized only as a condition in which the ability 
to use carbohydrate is unpaired; any attempt at more exact definition is im- 
possible. The other metabolic disturbances which are encountered are gener- 
ally regarded as secondary to the intolerance for carbohydrate. Total or 
complete diabetes would be a condition in which an animal is entirely unable 
to burn carbohydrate derived from any source, but excretes it all in the urine. 
That is, after all, an ideal theoretical concept; the nearest actual approach to 
it is the most severe diabetic condition that can be discovered or produced in 
an animal. Such a condition is found in the dog after pancreatectomy or 
poisoning with phlorizin (219). In total diabetes the food value of preformed 
carbohydrate from cither endogenous or exogenous sources is lost. Besides 
this, that portion of protein which docs or can, in the process of oxidation, form 
glucose, is also wasted. This can be estimated in two ways: first by deter- 
mining the amino acids which are capable of forming glycogen or glucose; 
second, by comparing the glucose with the nitrogen excreted by an animal 
which has been starved long enough to exhaust its glycogen stores, estimation 
of the G:N (glucose: nitrogen) ratio in the urine. In the most severely phlor- 
izinized dog G'.N ratios as high as 3.00 or higher have been observed. This 
would indicate the conversion to glucose of at least 48 per cent of the protein 
(219). Ratios of the same order of magnitude have been observed in human 
beings with diabetes of maximum severity (140). Such animals also excrete 
quantitatively in the urine the glucose derived from glycerol, protein and other 
metabolic precursors of carbohydrate, such as lactic acid, citric acid, etc. (See 
above p. 20 and chapter on Carbohydrate). The total diabetic, then, may 
waste in the urine the fuel value of as much as 48 per cent of the protein, 10 
per cent of the fat and all the carbohydrate which is catabolized. 

This is not the end of the food wastage. It has already been pointed out 
in the discussion of starvation that when there is no preformed carbohydrate 
available the breakdown of fats to 0-hydroxybutyric and acetoacetic acids 
in the liver is accelerated and these ketone acids are poured into the blood faster 
than they can be utilized by the tissues. In the severe or totally diabetic 
animal this process is greatly exaggerated. The concentration of ketones in 
the blood mounts extremely, displacing bicarbonate, to produce profound 
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acidosis. Under these circumstances large quantities of ketones may be lost 
in the urine. Since they are only slightly oxidized products of fatty acids their 
excretion involves the sacrifice of a portion of the energy value of the fatty acids 
from which they are derived. 

It was formerly held that each fatty acid molecule gave rise to only one 
molecule of 0-hydroxy butyric acid and that this could not be burned unless an 
equivalent amount of carbohydrate was oxidized at the same time. It has 
now been established that all the carbon atoms of the fatty acid molecule may 
contribute to the formation of ketone bodies (336, 337, 370a). The combustion 
of ketones by the tissues is not dependent upon the simultaneous combustion 
of carbohydrate. In fact it probably becomes maximum in diabetes when the 
capacity to burn carbohydrate is most impaired. In this case a large propor- 
tion of the total energy demands of the tissues must be supplied by ketones. 
The excessive ketonemia and ketonuria which characterize this condition 
result only from the overproduction of ketones. The reasons for this disastrous 
extravagance are not altogether clear. There is indisputable evidence that 
fat can be burned by the tissues without preliminary formation of ketones 
by the liver. Isolated muscle from depancreatized animals has a respiratory 
quotient approximating 0.71 (302). The heart in the isolated heart-lung 
preparation removes fatty acids from the blood and oxidizes them as a source 
of fuel for contraction (86). Stadie (337) has estimated that the combustion 
of ketones by diabetic animals and man can account for only a fraction of the 
total fat burned. Ketone production, therefore, represents only one of the 
paths for the oxidation of fat; perhaps, an alternative or facultative path that 
attains importance when less than the usual quantities of carbohydrate are 
oxidized. Under these circumstances, as Crandall (84) has suggested, the 
ketones may be required to substitute in the operative processes of metabolism 
for compounds usually derived from glycogen. 

One point has received surprisingly little attention: the failure of the dia- 
betic animal to convert carbohydrate to fat. Both depancreatized and phlor- 
izinized animals excrete in the urine glucose equivalent to all the carbohydrate 
ingested or formed in the body, leaving none for the formation of fat. It has 
been suggested by Drury (103) that facilitation of the conversion of carbo- 
hydrate to fat may be one of the chief functions of insulin. Such a precise 
interpretation is hardly warranted as yet. Transformation of carbohydrate 
to fat may be linked w ith the combustion of carbohydrate. If it can be accom- 
plished only by the simultaneous combustion of carbohydrate, as was suggested 
above (p. 17), it must obviously be automatically abrogated when carbo- 
hydrate can no longer be burned. 

At the same lime that ketone production becomes accelerated, protein 
catabolism also increases. Urinary nitrogen excretion may reach enormous 
figures. The diabetic animal seemS to use every means to increase the carbo- 
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hydrate in the body in a vain attempt, by sheer force of mass action, to break 
down the barrier to oxidation o! this foodstuff. Despite the fact that glycogen 
is being produced from protein and every other carbohydrate precursor, the 
glycogen stores of the liver become rapidly depleted, because the destruction 
of glycogen outstrips its formation. After the condition has persisted long 
enough to sweep the preformed carbohydrate from the body, if no carbohydrate 
is given, the ratio of glucose to nitrogen in the urine (G:N ratio) will approach 
3.0 or more; respiratory quotients drop to 0.71 or loner. 

When the glycerol of fat is not oxidized and a portion of the fatty acids is 
burned only to j3-hydroxybutyric and acetoacetic acids, the COj produced 
per gram of fat diminishes more than docs the O* consumed (see section on 
starvation, above). Consequently the respiratory quotient will tend to fall 
below the usual 0.71 characteristic for fat. A certain proportion of the ketone 
acids produced will, of course, react with bicarbonate, liberating CO 2 which 
will be eliminated in the expired air to raise the R.Q. It is difficult, if not 
impossible, in any given instance to evaluate the influence of these combined 
factors upon the overall composition of the respiratory gas exchange. The 
metabolic R.Q. will depend upon the ratio of fat burned, either directly or after 
conversion to ketones, to that which is transformed only to ketones, which are 
excreted in the urine or accumulate in the blood and other body fluids. The 
extra COj derived from decomposition of bicarbonate will not be equivalent 
to the quantities of ketone acids in blood and urine, because a large proportion 
of these adds may be excreted in the urine as free acid. It is important to 
recognize that in conditions of ketosis, especially when this results from in- 
ability to oxidize carbohydrate, respiratory quotients below 0.71 can be ex- 
plained without the assumption that carbohydrate is formed from fat. Such 
quotients have been observed in diabetes of major severity with grave keto- 
sis (140). 

It is evident that in total diabetes which, in the human, may be considered 
as equivalent to severe ketosis or diabetic acidosis, protein and fat destruction 
would have to increase, even if the total energy production remained constant, 
because of the unavailability of carbohydrate and the uneconomical use of 
protein and fat. In the majority of cases, however, total metabolism also 
seems to become accelerated (140* 373). This can not be related directly to 
either the acidosis or the infection. Campbell (58) found that injections of 
acid do not increase oxygen consumption. The increased respiratory effort 
provoked by the acidosis may have some influence. In many instances the 
infection or complication that provokes the sudden break in carbohydrate 
metabolism may be partly responsible (282). 

Whether total metabolism is or is not abnormally great in severe diabetic 
ketosis, rapid wasting almost invariably results. After the acute condition 
has suhsided and the effects of the toxemia disappear, the metabolism is usually 
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found to be low. The low metabolism is in part an evidence of malnutrition 
because it rises if the patient improves, when the malnutrition is overcome. 
Similar low metabolism values are also found in patients who have become 
wasted as a result of severe chronic diabetes without ever having had serious 
ketosis (110). 

The development of ketosis and all the associated metabolic disturbances 
which have been described can be explained as direct sequellae of the impair- 
ment of carbohydrate metabolism. Further proof of their relation to carbo- 
hydrate intolerance is found in their rapid disappearance when, with the aid 
of insulin, the ability to burn sugar is restored. Ketonuria, ketonemia, and 
symptoms of intoxication rapidly disappear, the blood bicarbonate returns 
to the normal level as ketone production in the liver decreases and the ketone 
acids in the blood are burned, releasing sodium, with which they had been 
neutralized, to combine with COj. The respiratory quotient rises as carbo- 
hydrate and 0-hydroxybutyric acid, with R.Q.’s of 1.00 and 0.89, respectively, 
are burned. 

The picture of total diabetes is infrequently encountered in clinical medicine. 
Instead, there is usually a partial diabetes; the rate at which glucose can be 
burned is lower than normal, but is by no means zero. The retardation may 
be so slight that all the glucose yielded by a moderately restricted diet is per- 
fectly burned. Basal metabolism seems to be unaltered in these cases and, 
indeed, in all patients who exhibit neither wasting nor severe ketosis. Respira- 
tory quotients may be normal under standard conditions. Certain observers 
have demonstrated, in moderately severe diabetes, failure of the respirator)* 
quotient to rise as much as usual after a carbohydrate meal (287, 299) s They 
have also shown that R.Q.’s of patients with benign glycosuria respond in the 
normal manner to such meals. It is, however, doubtful, whether determina- 
tion of the R.Q. provides a method sufficiently sensitive to serve as a means 
of differentiating mild diabetes from non-diabetic glycosuria. It has been 
repeatedly demonstrated that the R.Q. may fail to rise, or even fall, when 
glucose is given to a diabetic in spite of evidence (the absence of glycosuria) 
that it is burned. Richardson and Mason (301) Concluded that such patients, 
perhaps because their glycogen stores are depleted, may store carbohydrate 
and use endogenous fat and protein instead. This conclusion m ust be accepted 
with some caution. Klinghoffer (189) found that the concentration of bicar- 
bonate in the serum of patients with diabetes, even when the disease is con- 
trolled by diet and insulin, may be subnormal during the postabsorptive period, 
rising after administration of glucose or glucose and insulin. This phenomenon 
was observed at times when the usual qualitative test revealed no ketonuria. 
A rise of serum bicarbonate implies that a certain amount of metabolic COi 
lias been diverted from the respiratory exchange to combine with sodium. 
This will lower the respiratory quotient and give the erroneous impression 





Fic 3. A schematic representation of the interrelationships of the foodstuffs in metabolism. 

These three figures illustrate schematically the quantitative relations between the me- 
tabolism of the three major foodstuffs and the channels through which the metabolism pro- 
ceeds. A, under normal dietary conditions, B, during starvation, C, in the totally diabetic 
condition It is assumed that the net energy production in each case is the same This is 
indicated by the width of the channel through which CO; and H 0 finally emerge. The 
hoppers at the top show three foodstuffs entering into the metabolic processes, their relative 
sizes being proportional to the caloric values of the various foodstuffs. 

In the normal subject, A , the diet contains about 3000 calones contributed by 80 grams 
of protein, 400 of caibohjdtate and 120 of fat The channels leading away from these are 
bkevv ise proportioned to the caloric v alues of the fractions of food they carry. 

About one-quarter of the protein ts used for operative purposes, the remainder Is dearai- 
nated and converted to liver glycogen The small amount that forms ketones has been neg- 
lected The carbohj drate is all converted to glycogen. The great mass of fat goes directly 
toward combustion, only a minute trickle being diverted to ketones which arc depicted as 
entenng the intermediary metabolic processes with carbohydrate (The conversion of gly- 
cerol to glycogen has been omitted ) Together they ultimately join the stream from fat to 
be burned to carbon dioxide and water to provide energy. 

B pictures starvation after preformed glycogen has been exhausted. The carbohydrate 
hopper Is gone, all energy Is derived from protein and fat. The total expenditure of protein 
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has changed but little because the subject had been receiving more than he required for sub- 
sistence before; the operative protein metabolism has not changed at all. Liver glycogen 
has contracted to the proportions set by protein. The proportion of fat diverted to ketones 
has increased considerably. This supplements the meagre supply of intermediary products 
derived from protein. Fat, directly burned, however, sustains the major burden of energy 
production. 

In C, picturing total diabetes, the protein hopper is enlarged to indicate the destruction 
of protein that characterizes this condition; but the operative metabolism of protein remains 
the same. The carbohydrate intake is the same as that of the normal subject (this diabetic 
subject is taking food). The fat hopper has, how ever, enormously increased. So large has it 
become that it can not all be included in the figure, its magnitude is suggested by the dotted 
line overlapping the carbohydrate hopper. Fat metabolism must be thus exaggerated be- 
cause fat is the sole source of energy for this animal. The channels conducting carbohydrates, 
preformed or formed from protein, to the intermediary products station are larger than normal 
because protein is contributing more. But there is no bulge for liver glycogen because it is 
broken down as fast as it can be formed. The ketone channel has swelled greatly; but the 
major portion of fat still takes the direct route. The total quantity of material poured into 
the intermediary metabolic processes is, then, very considerably abo\e normal. However, 
the whole of the stream that comes from protein and carbohydrate is diverted from blood to 
urine n here it appears as glucose. Only the quantity that comes from ketones serves a useful 
purpose. This fraction alone is utilized and ultimately joins the stream of its parent fat to 
yield CO-, H ; 0 and energy. The whole energy metabolism of this animal is derived from fat, 
if the small fraction of ketone bodies formed from protein is neglected. 
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that the food mixture burned contains less carbohydrate and more fat than it 
actually docs. 

The protein wastage that accompanies severe diabetes has already been 
mentioned. In the absence of sufficient energy from combustion of fat and 
carbohydrate to meet the requirements of the body, the latter will bum its own 
protein. At times the waste of body protein may be rapid. Nevertheless, 
the nitrogen output, even in fairly severe diabetes, is not necessarily high. 
In the malnourished diabetic the output ma3’ be unusually low, if enough carbo* 
hydrate and fat can be burned to satisfy the energy requirements. In fact, 
some of the lowest nitrogen excretion figures in the literature have been ob- 
tained from such diabetics. 

In figure 3 an attempt has been made to depict graphically the changes in 
the nature of the metabolic mixture brought about by starvation and by 
maximal diabetes. 


lilood diseases 

Anemia (110, 244). Experimental anemia, produced by bleeding, has been 
shown to have little effect on basal metabolism. On the other hand, elevation 
of the basal metabolism has been demonstrated in a large proportion of patients 
with primary anemia (46, 256, 362) and in some with secondary anemia who 
have been studied by various workers. Whether the alterations of metabolism 
are related to the effects of the underlying diseases responsible for the anemias 
or are expressions of the state of activity of the hematopoietic system is un- 
determined. They can hardly lie ascribed to anemia itself. Baldridge and 
Barer (18) found that the basal metabolism fell gradually under treatment 
with liver extracts. It did not appear to be conclated w ilh body temperature. 
Because it fell during the reticulocyte crisis they concluded that the hyper- 
metabolism could not be due to rapid cell growth or activity. They were 
inclined to relate it to increased nitrogen metabolism because in one case a 
negative nitrogen balance became positive as the blood count rose and the 
metabolism fell. 

In polycythemia rubra tera ( erythremia ) the basal metabolism is elevated 
(259). 

In leukemias and in lymphoblastoma also the basal metabolism is high. 
It is uncertain whether this is related to the changes in the blood and hemato- 
poietic system or to the underlying cause of the disease, whatever this may be 
(46, 191, 193, 241, 258). In lymphatic leukemia and lymphoblastoma Krantz 
(191) found that the basal metabolism fell under treatment by x-ray or radium. 

In none of these conditions, except the leukemias, has any qualitative change 
in metabolism been noted. Respiratory quotients were normal and the per- 
centage of calories derived from protein was the same as in health. In leu- 
kemias negative nitrogen balances may be very high, as much as 20 grams 
per daj r . 
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Diseases and disorders of the circulatory system 

Peabody, Meyer and DuBois (278), Peabody, Wentworth and Baker (280) 
and others (153, 279), from a study of patients with heart disease, concluded 
that the basal metabolism remained normal as long as compensation was main- 
tained; but might rise to as much as 40 per cent above normal in the presence 
of severe heart failure, with dyspnea. For exercise patients with cardiac 
disease consume more oxygen than normals (60, 247). They also develop a 
larger oxygen debt and a greater accumulation of lactic add in the blood, 
factors which prolong the recovery period (247). 

In cases of “irritable heart,” “effort syndrome” or “cardiac neurosis,” 
Peabody, Wearn and Tompkins (279) and Boothby and Sandiford (46) found 
the basal metabolism within normal limits, an indication that hyperthyroidism 
was not a significant etiological factor in the production of the condition. 

Boothby and Sandiford (46) also found the basal metabolism moderately 
elevated in about 50 per cent of 170 cases of “essential hypertension” which 
they investigated. Similar experiences have been reported by other observers. 
The reasons for these increases are quite obscure and the explanations which 
have been advanced are consequently numerous and varied. They do not 
appear to have any direct connection with the nature of the arterial and renal 
disease which is presumably responsible for the hypertension. They occur 
quite as often in patients with “nephrogenic” hypertension as they do in those 
without demonstrable renal disease (124). They are not directly referable 
to the phenomenon of hypertension itself nor to any pressor principle derived 
from the pituitary or the adrenal cortex, since hypometabolism is as common 
as hypermetabolism in the basophilic syndrome (v.s.). Kahler and Winkler 
(184) claim that the basal metabolism rises in hypertension only in the pres- 
ence of heart failure, but this is not the general opinion. Certainly the signs 
of heart failure in many hypertensives with high basal metabolism are incon- 
spicuous, to say the least. For various reasons the thyroid has been incrim- 
inated. Becker (22) claims that the metabolism can be reduced by x-ray of the 
thyroid. More than the usual concentrations of iodine have been found in the 
blood of hypertensives (57, 275). Burger and MObius (57) were, however, 
unable to correlate blood iodine with basal metabolism. Boas and Shapiro 
(38) have described a group of patients who present some symptoms suggesting 
hyperthyroidism, associated with diastolic hypertension and increased basal 
metabolism. Two such patients were not improved by thyroidectomy, sug- 
gesting that the condition is not of thyroid origin. Kahler and Winkler (184) 
3tate that the hypermetabolism is not responsive to iodine. One of the authors 
(JP) has seen one case in which a moderate increase of metabolism and symp- 
toms suggesting hyperthyroidism appeared to be relieved by iodine and an 
elevated blood pressure fell distinctly. This is an exception to the general 
rule and, in spite of careful controls, may have been a mere coincidence. In 
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his experience, even in cases of true hyperthyroidism, hypertension, if it exists, 
is not influenced by thyroidectomy, although tachycardia and other symptoms 
are relieved. This was true also in the series of Parkinson and Hoyle (277) 
and in a large proportion of Bisgaard’s (36) cases. In a small number of cases 
with hypertension high basal metabolism did not fall to the normal level after 
subtotal thyroidectomy. It may be mentioned in passing that a certain 
proportion of patients with myxedema develop hypertension. 

Aub (13) found that traumatic shack reduced the metabolism of cats strik- 
ingly, perhaps because the circulator)' impairment interfered with oxidative 
processes in the tissues. 

Patients with chronic bronchitis and emphysema, like those with heart failure, 
are less able, because of respiratory impairment, to meet the demands of exer- 
cise. Their actual ventilation increases more than that of normal persons; 
but, because of the small tidal air, the effective ventilation increases less. 
Changes in respirator)- quotient, oxygen consumption and C0 5 production are, 
therefore, retarded, and an excessive oxygen debt is accumulated (59). 

Nephritis 

In patients with the nephrotic syndrome, at least in edematous phases, the 
basal metabolism is usually low in proportion to the surface area (15, 49, 121, 
122, 208). It is, of course, uncertain how much, if any, allowance should be 
made for the edema in evaluating the basal metabolism. Farr (127) found 
that in a group of 7 children with nephrotic edema basal metabolism was never 
low in proportion to surface area, if this was estimated from the ideal weight 
and height without edema, instead of the actual weight and height with edema. 
This can not, however, be accepted as proof that expansion of the surface area 
by edema has no effect on basal metabolism. The basal metabolic rates re- 
ported by Farr are extremely variable, in one case from — 19 to +35, in another 
from —4 to +24 His paper gives no clue to the source of these fluctuations 
nor whether they were correlated with changes in the degree of edema. In 
one case reported by Mitchell and associates (263), when the weight varied 
from 44.6 to 55.5 kgm., calories per square meter per hour fluctuated only 
from 35.1 to 37.1 and bore no relation to the changes of weight. Estimated 
in relation to actual weights, rates of —48 and —58 have been observed in 
patients of the authors, and rates 20 to 30 per cent below normal are quite 
common. Eppinger early recommended thyroid for the treatment of nephritic 
edema and Epstein (121, 122) and others have found a reason for this therapy 
in the low metabolism. They have also cited hypercholesterolemia and a 
tolerance for thyroid which some cases exhibit as evidence of hypothyroidism 
and further justification for the administration of thyroid. Undoubtedly some 
nephrotic patients will take far larger doses of thyroid than patients with 
myxedema can tolerate before their metabolic rates rise to normal or symptoms 
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of hyperthyroidism appear. In the experience of the authors and others (206, 
210), this is not, however, as invariably the case as Epstein (121) has suggested. 
Increased tolerance to thyroid is not, as has been pointed out above, evidence 
of hypothyroidism, and the presence of subnormal metabolism does not in itself 
Justify the therapeutic use of thyroid. In the authors' experience it is of little 
benefit and sometimes provokes untoward symptoms. Reports in the litera- 
ture are variable and hard to evaluate since the clinical course of the disease 
is so capricious. If, as Peters (281) has shown, the disease is also characterized 
by evidences of protein starvation, the hypometabolism may be only the result 
of malnutrition. In this case attempts to increase metabolism, thus tending to 
accelerate protein wastage, seem hardly rational. In certain patients in 
particular stages of acute nephritis, as yet undefined, metabolic rates quite as 
low as those reported in nephrosis may be encountered. 

The incidence of high basal metabolism in a proportion of patients with 
chronic hypertension has already been mentioned. In other types of nephritis 
(15, 115) variable results suggest that abnormalities of basal metabolism are 
less the result of the renal disorders than the effects of the symptoms or com- 
plications associated with them. 

In renal diseases of all kinds calculations of metabolism depending on nitro- 
gen excretion must be interpreted with great care and with attention to the 
concentration of non-protein nitrogen in the blood, because of the tendency at 
some times to retain nitrogen, and at others to sweep out previously retained 
nitrogen. In no disease of the kidneys does there seem to be any essential 
impairment of the ability of the organism to oxidize any of the three food sub- 
stances. There is no apparent delay in the transformation of absorbed protein 
digestion products into urea. The combustion of fat and carbohydrate have 
been found by Linder, Hiller and Van Slyke (170, 208) to be quite normal. 

No attempt has been made to treat separately all the diseases and disorders 
in which abnormal basal metabolic rates have been discovered. How numerous 
they are may be seen by reference to Boothby and Sandiford’s (46) report 
of determinations on 8,614 subjects. Consideration has been given here only 
to those conditions in which the deviations from the normal appear to have 
some specific relation to the disease with which they are associated, or in which 
some clinical significance has been attributed to them. 
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CHEMISTRY 

NATURE AND CLASSIFICATION 

General characteristics of monosaccharides. Carbohydrates are compounds 
containing carbon, hydrogen and oxygen, the latter appearing, as the name 
implies, in the ratio, H:0 = 2:1. The simple carbohydrates, or monosac- 
charides, are primarily classified into families, according to the number of 
carbon atoms they contain, each family being designated by the appropriate 
Greek numerical prefix attached to the suffix ose, which is the generic mark 
of a sugar. Trioses, C3H5O3, Tetroses, C^HgOj, Pentoses, C5H10O5, Hexoses, 
CgHj-Oj, etc. In addition monosaccharides can be divided into aldo- or keto- 
sugars, depending upon the presence in them of a potentially active aldehyde 
HO 

/ 11 

— C or ketone — C — group, respectively. These characteristics are illus- 

\ 

O 

trated in the structural formulae below. 

Each group of every family possesses further capacity for differentiation 
by variation of its internal configuration. For example, in the projection 
formulae of II and III are shown 3 aldo-pentoses and one keto-pentose; 3 aldo- 
hexoses and one keto-hexose, selected from a much larger number of variants 
because they have biological importance. It will be noted that the intra- 

1 

familial distinctions depend upon the relative disposition of the H — C — OH 

radicles that make up the intermediate links of the carbon chain. 

All carbohydrates contain one or more asymmetric carbon atoms — that is, 
a carbon atom which is united with four different kinds of components. This 
endows them with the properties of optical activity and optical or stereo isomer- 
ism, The former is the term applied to the ahility to rotate the plane of 
polarized light. Optical isomerism means that for every optically active 
dextro- or levo-rotatory compound, a corresponding compound exists, having 
the same formula, but exactly opposite optical properties. This follows from 
the fact that in three-dimensional space the groups attached to the asymmetric 
carbon atom can be arranged in either of two ways. In structural formulae 
this is indicated by representing the two isomers as mirror-images of one 
another. An example of this is found in the formulae of a- and ^-glucose m 
IV, below. 

Although the terms D and b or d and l, applied to sugars or other com- 
pounds, are used to distinguish optica! isomers, it does not lollow that D- 
9? 
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radicles that make up the intermediate links of the carbon chain. 

All carbohydrates contain one or more asymmetric carbon atoms — that is, 
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ism. The former is the term applied to the ability to rotate the plane of 
polarized light. Optical isomerism means that for every optically active 
dextro- or levo-rotatory compound, a corresponding compound exists, having 
the same formula, but exactly opposite optical properties. This follows from 
the fact that in three-dimensional space the groups attached to the asymmetric 
carbon atom can be arranged in either of two ways. In structural formulae 
this is indicated by representing the two isomers as mirror-images of one 
another. An example of this is found in the formulae of o- and 0-glucose in 
IV, below. 
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lo the CHOII group furthest from the terminal aldehyde or ketone radicle, 
which, in the primitive glycerose does determine the direction of optical rota* 
(ion. The actual direction of rotation of a sugar may be indicated by the signs 
(+) dextrorotatory or (— ) levorotatory. 

While the simple linear or projection formulae by which the pentoses and 
hexoses are represented in II and III serve the purpose of graphic differentia- 
lion, they fail to account for many of the reactions of the sugars. "When a 
hexose is dissolved in water, the optical activity of the solution changes steadily 
until it reaches a characteristic equilibrium value. This suggests that a mix- 
ture of sugars is formed. Furthermore, when equilibrium is attained the 
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mixture gives certain reactions that clearly indicate the presence of ring com- 
pounds. From these reactions it has been inferred that he.rose in solution 
assumes ring forms in w Inch either carbons 1 and 4 or carbons 1 and 5 are linked 
together by an oxygen atom. The former are known as • furanoses , the latter 
as * pyranoses , denoting their relations to the respective cyclic compounds, 
furan and pyran. Illustrations are shown in IV. This property of muta- 
rotation greatly enhances the potential reactivity of the sugars. (For detailed 
discussion of the chemistry of carbohydrates the reader is referred to the 
monograph by Haworth (84).) 

The projection formulae of the monosaccharides of greatest physiological 
significance are shown in II and III. In spite of their close structural resem- 
btancc no two of these sugars, even if they belong to the same family, are func- 
tionally interchangeable. For example, galactose can not be utilized by any 
tissues until it has been converted to glycogen and thence to glucose by the 
liver; nevertheless, it can be formed in the mammary gland from glucose. 
Fructose is not utilized freely by tissues unless it is converted to glucose by the 
liver or the intestines, nevertheless it is produced from glycogen in the inter- 
mediary' metabolism of tissues. From a biological point of view distinctions 
of structural detail that seem negligibly minute have the utmost significance 
because of the extreme specificity of the enzyme systems by which the sugars 
are metabolized. It is not impossible that this selectivity may be so exact 
that it differentiates between isomers of a single sugar. 

All monosaccharides are strong reducing agents, a property which is asso- 
ciated with the presence of a terminal ketone or aldehyde radicle. The specific 
rotation of common sugars in aqueous solution at 20° is given in table 5. It 
will be noted that the specific rotations of the two optical isomers, a- and 0- 
glucose, differ considerably, that of the common D-glucose, which is a mixture 
of the two, falling between. 


Other types oj saccharides 

In addition to the monosaccharides, certain other types of carbohydrate 
are recognized, chief among them: 

1. Disaccharides, formed by the combination of 2 monosaccharides. 

2. Polysaccharides, formed by the polymerization of several monosaccharide 
units. 

3. Combined carbohydrates, structures consisting of saccharides united 
with non-carbohydrate compounds. 

Disaccharides are formed by the union of 2 monosaccharide molecules, with 
the loss of 1 molecule of water 

Monosaccharide Disaccharide 
2 C.IIi,0« “ CuHnOu -f* HjO 
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The disaccharides of greatest physiological importance are: Maltose = 2 
Glucose; Lactose = Glucose + Galactose; and Sucrose = Glucose + Fructose. 
The monosaccharides that make them up may be, as they are in maltose, 
similar, or, as they are in lactose and sucrose, dissimilar. The manner in 
which they combine is shown in their structural formulae below (V). Because 
lactose and maltose both retain terminal aldehyde radicles their activity as 
reducing agents is preserved. Sucrose, however, has no reducing powers 
because, in the formation of this sugar, glucose and fructose are united by 
means of their aldehyde and ketone groups, respectively. The disaccharides 
are all optically active because all possess asymmetric carbon atoms. They 
can be broken down into their component monosaccharides by the hydrolytic 
action of acids in hot solution, or by appropriate enzyme systems. 

Polysaccharides are larger polymers or aggregates of monosaccharides. 
Among these are the pentosans, cellulose, starch and glycogen. The pentosans, 
which form vegetable gums, are occasional, but unimportant constituents of 
foods. Cellulose, a polymer of glucose, of which vegetable fibers and the 
envelopes of vegetable cells are composed, is of no value to man because there 
are no enzymes in his alimentary canal capable of digesting it. Herbivorous 
animals, however, can hydrolyze it hy enzymes derived either from their own 
digestive juices or from the bacterial flora of their intestines. Starch, although 
also a polymer of glucose, is readily split by the salivary or pancreatic enzymes, 
amylases. It is the chief form in which carbohydrate is stored in vegetables 
or grains. Glycogen, another polymer of glucose, greatly resembles vegetable 
starch in its reactions and properties and serves in animals as a storage form of 
carbohydrate just as starch does in plants. Both starch and glycogen are 
readily hydrolyzed by acid, yielding in turn: first dextrin, a mixture of glucose- 
polymers of intermediate size, then the disaccharide maltose, and finally glu- 
cose. They can also be broken down to glucose by appropriate enzyme sys- 
tems. Inulin, a polymer of fructose, found especially in the tuber of the dahlia, 
in Jerusalem artichoke, chickory and dandelion, is of interest chiefly because it 
may be used to measure the rate of renal glomerular filtration in man. 

Combined carbohydrates. Various carbohydrates combine with other sub- 
stances to form molecules, sometimes of extreme complexity. The majority 
of these combined carbohydrates occur within the cells, where they play im- 
portant roles in intermediary’ metabolism. Important among them are the 
nucleotides, combinations of purine or pyrimidine bases with phosphoric acid 
and the pentose, d-ribose, Nucleic acids have a similar, but more complex 
structure. Since they give the Liebermann color reaction when heated with 
sulfuric acid, proteins in general probably contain carbohydrate groups. Cer- 
tain groups of proteins contain such considerable amounts of carbohydrate 
that they are termed glucoproteins; among these are mucins, secreted by 
mucous membranes, and chondromucoid and osseomucoid of cartilage and 
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bone respectively. The latter contain chondroitin sulfuric add, which con- 
sists of two glucose derivatives, namely (1) glucuronic acid, condensed with the 
sulfuric acid ester of (2) an acetyl hcxosaminc. 

Galactose is found in a certain class of lipids, the ccrcbrosides. 

Finally, in the course of the intermediary metabolism of carbohydrate, 
hexoses form a variety of combinations with phosphoric acid. 
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THE FATE OF INGESTED CARBOHYDRATE 
Behavior oj different carbohydrates in the alimentary canal. The carbohydrates 
of the usual foods consist of celluloses and pentosans, which can not be ab- 
sorbed, polysaccharides which can be absorbed after they have been hydrolyzed 
by the digestive processes into monosaccharides, and preformed monosacchar- 
ides that can be absorbed unchanged. 

Celluloses are found in the fibers of plant stems and the envelopes of the 
cells of leaves; pentosans in the gums of plants. They can be hydrolyzed and 
absorbed by ruminants, but are altogether unassimilable by man, passing out 
in the feces, without further physiological effect than that referable to their 
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influence upon the physical state of the gastrointestinal contents. In moderate 
quantities they appear to act as normal stimulants to peristalsis, excessive 
amounts may have an irritative effect. 

The assimilable polysaccharides, starch, glycogen of meat, lactose of milk, 
sucrose and maltose, are all rapidly hj'drolyzed by the digestive enzymes, 
amylases, to their constituent monosaccharides, which are then absorbed. 
Unhydrolyzed polysaccharides are not absorbed in appreciable quantities from 
the alimentary canals of normal animals (15, 52, 160). 

The major portion of the monosaccharide formed in the process of digestion 
is glucose, since it is the sole product of the hydrolysis of starch, glycogen 
and maltose and forms half of the molecules of sucrose and lactose. The other 
halves of these two latter disaccharides, fructose and galactose respectively, 
constitute most of the remaining monosaccharide. Mannose and pentose 
may be derived from foods, but seldom in important quantities. 

Absorption of monosaccharides. Monosaccharides of all kinds appear to be 
absorbed from the intestine without any preliminary transformation (42, 51, 
149), Absorption takes place almost entirely in the small intestine. In the 
stomach glucose solutions like all other solutions are adjusted to the same 
osmotic pressure as the blood; but from moderately concentrated solutions no 
glucose is removed (127, 152). Morrison, Shay, Ravdin and Cahoon (141) 
found that there was some absorption from solutions containing 40 per cent 
or more of glucose. Concerning the large intestine there is less certainty. 
Burgctt, Moore and Lloyd (27) demonstrated absorption from chronic loops 
of the transverse colon. From the intact colon Bergmark (12) recovered 75 
to 80 per cent and Ebeling (63) 90 per cent of glucose which had been intro- 
duced by injection. Andrew, Davidson and Garry (2) tied off the lower end 
of the ileum of rats, cannulized the proximal end of the colon and the anus, 
and perfused the colon with solutions of glucose. Although water was with- 
drawn from or secreted into the solutions, depending upon the concentration 
of glucose used, no absorption of glucose was detected. Observers differ as 
to the effects of rectally injected glucose upon the concentration of sugar in 
the portal or systemic blood, some baiting bees unable to detect any change 
(138, 165), while others have reported slight rises or relief of hypoglycemic 
symptoms or ketosis, indications of some absorption (12, 35). It is quite 
clear, however, that the absorptive powxrs of the large bowel are extremely 
limited and that rectal injection is an uncertain and inefficient method of 
administering glucose. The speed with which glucose is withdrawn from the 
small intestine diminishes from above downward, being greater in the jejunum 
than in the ileum (197) and greater in the upper part of the ileum than in the 
lower (191). 

If glucose is introduced directly into a loop of intestine of a dog, in the course 
of its removal, the solution becomes isotonic with the blood of the animal and 
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the glucose is partly replaced by a salt solution with the pattern characteristic 
of the secretions of the particular part of the intestine under examination (153). 
The rate of absorption from such loops appears to vary with the concentration 
and volume of the glucose solution introduced (153). Groen (78) found that, 
in humans, when glucose solution was confined to a particular segment of the 
gut— in this case by means of a Miller-Abbott tube — the rate of absorption 
varied with the concentration of glucose. On the other hand, from analyses 
of the intestinal contents of rats at intervals after the administration by stomach 
tube of pure solutions of the common hcxoscs, Cori (-10) concluded that the 
amount of sugar or the concentration in which it was given affected only the 
duration, not the rate, of absorption. Trimble, Carey and Maddock (183, 
184), from similar experiments on dogs in which glucose was introduced cither 
into the stomach or directly into the duodenum, by means of a tube came to 
similar conclusions. In the duodenal experiments the concentration of glucose 
varied from 3 to 32 per cent, the rate of administration from 1 to 3.9 grams per 
kilogram, the duration of the absorption period studied from 0.5 to 3 hours. 
In some instances the glucose solution was introduced continuously. Never- 
theless, under no circumstances did the rate of removal depart significantly 
from an average of about 1 gram per kilogram of body weight per hour. With 
stronger solutions, 25 to 73 per cent, given by stomach tube to rats, MacKay 
and Bergman (120) observed that during the first hour the quantities removed 
varieif with the concentrations of sugar in the solutions, but after this absorp- 
tion fell to a uniform rate. The apparent constancy of glucose absorption 
by the rat under standardized conditions may give a misleading impression 
of the absorptive capacity of the intestines. MacKay and Clark (123) have 
pointed out that when rats take glucose solutions voluntarily, particularly 
when this substance forms a large proportion of the diet, absorption quotients 
are obtained 3 or 4 times as great as those obtained by tube feeding. When 
rats in a cold environment were given 50 per cent glucose to drink, absorption 
quotients as great as 500 milligrams per 100 square centimeters of body surface 
were observed. In depancreatized rats Pauls and Drury (150) also found 
glucose absorption coefficients 3 or 4 times as great as those obtained by the 
Cori technique. The absorptive capacity of the intestine, at least for glucose, 
is not apparently determined by the concentration or quantity in which this 
sugar is fed, but by several other factors. Some of these may be of endocrine 
origin, others may be associated with the general reactions by which the body 
adapts itself to the nature of the metabolic mixture. Under ordinary condi- 
tions of alimentation in normal animals, it appears to be established by the 
experiments of Cori and Trimble, the absorption of ingested glucose does seem 
to proceed at a constant rate, independent of the amount of sugar or the con- 
centration in which it is given. Cori (40) showed that this was true, not only 
for glucose, but also for galactose, fructose and rhamnose. Presumably other 
sugars behave in the same manner. 
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When the sugars were compared it was found by Cbri (40) that they rank in 
the following order according to the speed with which they are absorbed: 
galactose > glucose > fructose > mannose. The list has been extended to 
include the pentoses, xylose and arabinose, which are absorbed more slowly 
than are the hexoses (40, 198, 200). The rate of absorption of a given hexose 
may be modified by the simultaneous administration of another sugar. Galac- 
tose is absorbed most rapidly when given alone, less rapidly when given in 
conjunction with glucose, more slowly still when given as lactose (42). The 
retarded absorption in the last instance may be ascribed to the hydrolysis 
which lactose must undergo before its components, glucose and galactose, can 
be absorbed. 

With the possible exception of a fraction of fructose, the monosaccharides 
are delivered into the portal blood stream or intestinal lymph in the same form 
in which they were absorbed by the intestinal epithelium. The major quan- 
tity of the sugar finds its way into the portal blood, although it may attain a 
higher concentration in the slowly moving thoracic duct lymph stream (68). 

The mechanism of absorption. Since glucose can be practically completely 
removed from solutions in the intestines and since the rate of its removal is not 
appreciably influenced by the concentration of glucose in the blood (136) nor 
by the antecedent diet (121), its transfer across the intestinal wall must be 
effected by some force other than mere diffusion, probably by intermediary 
chemical reactions. As movements and transformations of sugars throughout 
the body are so generally associated with processes of phosphorylation, it is 
not improbable that such reactions play a part in their transfer across the 
intestinal wall; but direct evidence of the intervention and the nature of these 
reactions is scanty. Although Verzar and Laszt (108, 137, 190, 191, 200) were 
unable by direct analysis to demonstrate any consistent change in the phos- 
phorus compounds of the intestine during the absorption of sugar solutions, 
they attached significance to the fact that monoiodoacetic acid diminished 
the rate of absorption of glucose. Because they found that this compound had 
no similar effect upon the absorption of xylose, they concluded that the latter 
left the intestine solely by diffusion, thus explaining its slower absorption. 
These claims have not been substantiated. Monoiodoacetic acid retards the 
absorption of xylose as xxell as glucose (198); in fact it even impedes the ab- 
sorption of normal saline solution, presumably because of its profound toxic 
effect upon the circulation (100). Furthermore, the absorption of xylose can 
Hot be a mere process of diffusion, since it proceeds at the same rate when the 
concentration of xylose in the blood is greatly increased by injections of this 
sugar (136). Evidence that phosphorylated intermediates are concerned in 
the absorption of sugars is found in the direct demonstration by Beck (11) 
that hexose phosphate in the intestinal mucosa increases during their absorp- 
tion. The increases, although not large, are significant in view of the rapid 
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rate of turnover that these materials roust undergo. A study by Kjerulf* 
Jensen (99) on rabbits further supports the view that absorption of sugar must 
be associated with the intermediary phosphorylation of fructose in the in- 
testinal mucosa. Phosphorylations of this nature are probably effected in the 
intestinal mucosa, as they are elsewhere, by the transfer and utilization of a 
high energy phosphate group from adenosine triphosphate. The continuance 
of this active process requires an expenditure of energy which could account 
for the fact that the high rates of absorption of the hexoses arc obtained only 
through a living membrane. 

TTtE REMOVAL OF SUGAR FROM THE BLOOD STREAM 

The next step in the disposition of sugar, its removal from the blood stream, 
is a resultant of at least 5 variable processes: 

1. Simple diffusion through the fluids of the body. 

2. Conversion to glycogen by 

(a) the liver 

(b) the tissues. 

3. Removal by the kidneys, mclituria. 

4. Conversion to fat. 

All of these are highly conditioned by another process. 

5. Oxidation of carbohydrate. 

Before considering each of these processes in detail in relation to the different 
sugars it may be well to emphasize certain corollaries of the discussion on 
absorption. Since monosaccharides are absorbed without transformation, 
unless they are removed from the blood stream immediately after their injec- 
tion, they will be found in the circulating blood. As reducing agents all will 
react to the tests usually employed for the estimation of glucose in blood. 
The only differences in the reactions to alimentary and parenteral administra- 
tion of sugars depend upon : (1) the limited rate at which they can be absorbed 
from the intestines and (2) the fact that sugar absorbed from the gut must 
traverse the liver before it can gain access to the systemic circulation. The 
appearance of rnelituria (sugar in the urine) following the ingestion or injection 
of monosaccharides can not be interpreted as glycosuria (glucose in the urine) 
if no method more specific than the ordinary reduction techniques is employed 
for its identification, unless it be assumed that the kidney is impendous to 
sugars other than glucose, which it is not (43, 51). 

It must be recognized also that absorption of monosaccharides is not related 
to their utility. There are certain sugars which, though freely absorbed, can 
not be utilized. The body has no recourse but to excrete them in the urine. 

Utilization of different sugars for combustion and glycogen formation 

The disaccharides, lactose and sucrose, when they gain access to the body 
without undergoing previous hydrolysis to their constituent hexoses, are en- 
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tirely or almost entirely excreted into the urine as if they were foreign sub- 
stances (52, 93, 97, 109, 110, 146). There seem to be no enzymes in the body, 
with the exception of the digestive juices, capable of hydrolyzing these sugars. 
Maltose can apparently be utilized to some extent (129). Glycogen, given 
intravenously, will overcome the hypoglycemia which follows removal of the 
liver, presumptive evidence that it can be hydrolyzed to glucose in the blood 
stream (19). 

The monosaccharides, glucose, galactose and fructose, can be readily and 
completely utilized, though at dissimilar rates and in different manners. Con- 
cerning mannose information is somewhat scanty. Deuel and associates (58) 
found that it formed little glycogen and had comparatively slight antiketogenic 
effect, when given to rats. Harding, Nicholson and Armstrong (80) could 
detect no increase of blood sugar in the blood stream of men who had ingested 
mannose, but did discover some in the urine. It appears to be absorbed slowly, 
but to be utilized. Grieshaber (76) has found that sorbose, a hexose obtained 
from the berries of the mountain-ash, when given by mouth to humans, causes 
a slower and more prolonged rise of blood sugar than glucose does. About 
14 per cent of the sugar appeared in the urine, irrespective of the dose given. 
In certain other respects it differed distinctly in behavior from other sugars 
that are known to be well utilized. He claims for it antiketogenic powers in 
diabetics, but in this respect his data are not entirely convincing. It is un- 
fortunate that he gave the sugar only by mouth, because the degree to which 
it may fail of absorption can not be determined. If it is utilized, it is not uti- 
lized to the same extent nor in the same manner as commoner hexoses. 

Pentoses. It is reported that the pentose, J-rhamnose, can not be utilized 
(172), but experiments with this sugar have been limited. About d-xylose 
there has been much controversy. Fishberg and Dolin (69) found that it 
remained in the blood of patients with severe nephritis and in rabbits poisoned 
with uranium for long periods. It has been used by many observers for the 
measurement of renal function under the apparent impression that it could 
not be utilized; but, whether given by mouth or parenterally, it has never been 
recovered completely in the urine (97, 130, 135, 147). Blatherwick and asso- 
ciates (16) and Miller and Lewis (139) could detect no glycogen formation from 
d-xylose. Nothdurft (147) and Marble and Strieck (130), on the other hand, 
claim that it raises the respiratory quotient of normal men and dogs, respec- 
tively. Nothdurft found that d-xylose was not oxidized by tissue extracts 
under either aerobic or anaerobic conditions. Furthermore, neither d-xylose 
nor d-ribose increased oxidation of isolated diaphragms of fasted rats unless 
glucose was given at the same time. This is of some interest because d-ribose 
is a constituent of certain nucleotides which play important rfiles in the inter- 
mediary metabolism of carbohydrate in muscle. Larson, Chambers, Blather- 
wick, et at (107) have reported that f-xylulose, the sugar found in the urine of 
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some patients with pentosuria, is converted to glucose by the dcpancreatized 
dog, proving that it follows the same path of metabolism as other sugars that 
arc oxidized. The balance of evidence seems to indicate that the common 
pentoses can be utilized, but that they are utilized more slowly than the com- 
mon hexoses. Presumably they are treated like other carbohydrates. 

Removal of sugars from the blood stream by simple absorption or diffusion 

The injection ortheabsorption from the alimentary tract jnto the blood stream 
of any sugar is followed for a variable interval by an increase of the concen- 
tration of sugar in the circulation. The quantity of extra sugar which appears 
in the blood must depend upon the rate of administration or absorption of the 
sugar and the speed with which it is removed from the blood. The nature of 
the sugar is, initially at least, identical with that of the monosaccharide given 
— except in the case of fructose — and, unless this is glucose, qualitatively dis- 
tinguished from the normal blood sugar (42, 44, 51, 52, 53, J51, 159), which is 
glucose. 

Fructose appears to be an exception to this general rule. Mann and Magath 
(129) found that this sugar would abolish the symptoms that follow hepatec- 
tomy in the dog, although it was less effective than glucose for this purpose. 
Blood glucose also rises after fructose, and muscle glycogen is formed (18). If, 
however, the animal is eviscerated, the hypoglycemia that ensues is not appre- 
ciably affected by injections of fructose (18, 62, 77). The intestines must, 
therefore, be able to convert a certain fraction of fructose to glucose or to some 
intermediary product that can be used to replenish the glucose of blood. This 
fraction must ordinarily be small since, where the blood sugar is increased by 
administration of fructose, the increment appears to be composed almost en- 
tirely of fructose; glucose does not change appreciably (53, 151). The fact 
that ingestion or injection of fructose causes blood lactic acid to rise led to the 
suggestion that the blood glucose might be derived from this lactic acid. Ac- 
cording to current opinion this lactic acid would have to be converted first to 
glycogen, by the muscles in the absence of the liver. In this case, however, 
it could not raise blood glucose, because muscle glycogen is apparently not 
available for this purpose. A better explanation for the anomalous behavior 
of fructose may be found in recent studies of the intermediate reactions in which 
this sugar is involved, which are discussed in more detail below. There is in 
muscle an isom erase tliat establishes an equilibrium mixture between fructose- 
6-phosphate and glucose-6-phosphate; but in a ratio of glucose .’fructose = 7:3. 
The reaction, therefore, greatly favors the formation of the glucose ester. 
Adenosine triphosphate can phosphorylale fructose as easily as it can glucose 
to form the 6-phosphate, The isomerase probably exists in the intestinal wall 
and in the liver, since fructose added to liver extract is converted to glucose 
by the following reactions. 
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„ adenosine tripkospkale __ _ , Isotnerase^ 

Fructose — — ■—* Fractose-6-poo=phate , Gfucose-iS-phosphate 

^•phosphatase 

Glucose 

The presence in Kver and intestine of a powerful phosphatase prevents a second 
phosphorylation of fructose-6-phosphate by adenosine triphosphate to fructose 
1:6 phosphate, such as occurs in muscle. The reversal of this latter reaction 
is so slow that once the diphosphate is formed its further division to triose is 
inevitable. This can explain the failure of muscle glucose to sustain the blood 
sugar as well as the conversion of fructose to glucose by the intestinal mucosa. 

The height to which the blood sugar rises depends on the nature as well as 
the quantity of sugar ingested or injected. If the three common monosacchar- 
ides are compared, it is found that ingestion of galactose causes the blood sugar 
to rise most (144, 155), fructose affects it least. This can be ascribed partly to 
the rate at which the different sugars are absorbed from the alimentary canal, 
galactose being the most, and fructose the least, rapidly absorbed (40). The 
blood sugar rises less after glucose and galactose together than after galactose 
alone, and still less after lactose. This is in keeping with the effect of glucose 
in retarding absorption of galactose, which was mentioned above. 

The diffusion of hexoses. Not only glucose, but other monosaccharides 
which gain access to the blood stream, diffuse readily out of the blood vessels 
into the interstitial fluid and thence distribute themselves through a variable 
proportion of the intracellular fluids. This is the first means by which the 
blood sugar is lowered. It has been generally held that glucose is distributed 
by simple diffusion throughout all the water of the body, meeting no obstruc- 
tion from any cell membranes, although the evidence for this view is anything 
but clear. In some species glucose can not penetrate the red blood cells. 
When glucose is rapidly removed from the blood for utilization by the tissues, 
the inorganic phosphorus of the serum is temporarily lowered. In diabetes, 
although there is reason to believe that glucose gains access to the tissue cells, 
the phosphate response to administration of glucose is diminished or abolished. 
If the phosphate response is due to the formation of hexose or other organic 
phosphates, it may be concerned either with the simple transfer of glucose 
from blood to tissues, or with accelerated utilization of glucose in the tissue 
cells. Cori, Closs and Cori (46) found that the concentration of fermentable 
sugar (glucose) in heart and skeletal muscle of rats under various circumstances 
parallelled that of blood plasma, but wasalwayslowerthan thelatter. Theresuh- 
ing concentration gradient may denote either that glucose of plasma and muscle 
•are not in diffusion equilibrium, or that utilization of sugar that gains access 
to muscles proceeds so rapidly that diffusion can not keep pace with it. Eggle- 
ton (64) found that, when isolated muscles were immersed in glucose solutions, 
only as much glucose entered the muscle as might be expected if the sugar 
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diffused into the extracellular fluid, but was excluded from (he muscle cells. 
By whatever means glucose, at concentrations encountered in health or disease, 
may find its way into blood cells and tissue cells, at far higher concentrations 
there appears to be a limit to the quantity of glucose which the cells will admit. 
This has been demonstrated by Klinghoffer (101) concerning blood cells, by 
Wfenudiw ski (199) with respect to the cells of tissues in general. The mere 
passage of glucose into cells, however it is effected, appears to be a reversible 
process. During the disposal of glucose injected intravenously into normal 
monkeys Wakeman and Morrell (192) noticed that, after a certain interval, 
the concentration of sugar in the venous blood exceeded that in arterial blood. 
As Mann, Soskin and others (see below) have shown that glycogen in muscles 
does not directly contribute glucose to the blood, the sugar which was evidently 
issuing from the tissues into the circulation must have existed in the tissues as 
free glucose. Similar phenomena have been noted by Stetson and Peters (177) 
during recovery from the extreme hyperglycemia of diabetic acidosis. The 
amounts of glucose that would be required to produce differences of this magni- 
tude could hardly have come from the interstitial fluids alone. 

Concerning other hexoses there is even less certainty. The Coris (43) found 
that galactose appeared in the urine only after enough had been absorbed to 
raise its concentration in both blood and tissues to a certain level; but the data 
which they present do not permit any estimation of the volume of body fluid 
through which the galactose distributes itself. 

The diffusion of feuloses. The concentration of xylose in serum, after in- 
jections oi this substance, suggests tliat it distributes itself uniformly through 
all the water in the bod}'. The ability of sugars to enter cells, therefore, is not 
connected with their utility, since xylose can not be utilized freely. Whether 
monosaccharides may be held in higher concentration in the tissues by absorp- 
tion or combination with proteins or by other means is doubtful, although the 
possibility of such combinations and of uneven distribution of sugars in the 
various media of the body have been frequently suggested 

Disaccharidcs. If the disaccharidc, sucrose, gains access to the body, it 
appears to be effectually excluded from all cells, including red blood cells, al- 
though it finds ready access to the extracellular fluids (109). It also does not 
enter the cerebrospinal fluid (2b, 134, 442). Whether other disaccharidc 
bShave the same way has not been ascertained. 

THE CONVERSION OF CARBOHYDRATE TO GLYCOGEN 

The quantity of sugar which can be held in the tissues by absorption or 
diffusion, even when the blood sugar is elevated, is relatively small. If it is 
assumed that glucose is distributed evenly throughout the water of the body, 
the total amount of glucose in a 70 kilogram man with a plasma glucose of 100 
milligrams per cent can not exceed 50 grams. In the normal individual, at 
least retention of sugars in tbe tissues as monosaccharides is a minor and 


CHEMISTRY 


111 


temporary process. Most of the sugar removed from the blood is rapidly 
converted into glycogen in liver or tissues or oxidized in the latter. 

Glycogen-forming compounds . Of the various sugars or sugar forming sub- 
stances, Mann (19, 129) found that only glucose and its polymers, maltose and 
glycogen, could be utilized freely by the liverless animal. All other mono- 
saccharides and compounds, such as dihydroxyacetone (133), glycerine (129) 
and amino acids (129) must, apparently, be transformed by the liver before 
they can be made into glycogen or oxidized in the tissues. This preparatory 
process consists of conversion to glucose, probably through the intermediary 
stage of glycogen. Fructose is a partial exception to the general rule. It will 
abolish the hypoglycemic symptoms that follow hepatectomy, hut is less effec- 
tive than glucose for this purpose (129). The usual path of fructose metabolism 
leads chiefly through the formation of liver glycogen (44, 53). When injected 
into a peripheral vein it can be utilized by man (18) of rat (41) only about one- 
tenth as rapidly as glucose. If it is injected into the mesenteric vein, so that 
it must pass first through the liver, it is utilized at twice this speed (41). The 
evidence indicates that levulose is usually transformed to glycogen or glucose 
before it is utilized. Conversion to glucose can be accomplished to some extent 
through the intervention of the intestines ( vide supra). 

The speed with which different sugars can be utilized after they enter the 
blood stream depends on the amount of preliminary transformation to which 
they must be subjected. Glucose is the most rapidly removed from the blood 
stream because it can be taken up and used by both tissues and liver. Of the 
other two common sugars, fructose can apparently be converted to glycogen 
by the liver more rapidly than galactose can (41). 

Although only glucose and its polymers can contribute directly to the glyco- 
gen stores of the tissues or to the glucose of the blood, all substances that form 
glucose may, after transformation by the liver to glycogen and subsequent 
conversion to glucose, produce hyperglycemia. If, therefore, of some sugar 
other than glucose, more is taken then can be immediately retained in the liver 
as glycogen, the excess may be converted to glucose, poured into the circulation 
and carried in the blood to the tissues, by which it is removed for combustion 
or storage. The mere presence of fructose in the blood stream does not alleviate 
hypoglycemic shock. Nevertheless, insulin hypoglycemia may be prevented 
or abolished by the administration of levulose because this increases the supply 
of liver glycogen which can be called upon to provide blood glucose (41). In- 
sulin has no influence on the rate of removal from the blood of dihydroxy- 
acetone, which is a slow glycogen former (44). Levene and Blanco (1 1 1) found 
that dihydroxyacetone relieved insulin hypoglycemia only when it increased 
blood glucose. It follows that after the administration of sugars other than 
glucose an initial pseudohyperglycemia, — i.e., an increase of non-glucose re- 
ducing substances — may subsequently become a true hyperglycemia (15). 
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The conversion of glucose to glycogen in the liter is a more complicated process 
than was formerly realized. Furthermore, the reaction by which glucose is 
formed from glycogen is not a simple hydrolysis, but involves the intermediary 
formation of hexose phosphates, from which glucose is liberated by a specific 
phosphatase. The steps involved in the synthesis and breakdown of glycogen 
arc as follows (47, 49, 50). 

(1) Glucose + A.TP. — * ** > Glucose- 6 -phospha.tc -f A.D.P. 

The formation of this ester linkage requires the expenditure of energy, which 
is accomplished by the utilization of a high energy phosphate bond donated 
by adenosine triphosphate. 1 

Since the supply of energy rich phosphate bonds in adenosine triphosphate 
must be continually replenished by coupled oxidations, the formation of gly- 
cogen, both in liver and muscle, is a strictly aerobic process, an example of 
aerobic phosphorylation. The reaction between glucose and adenosine tri- 
phosphate is catalyzed by the enzyme, hexokinase, which transfers one phos 
phate group from A.T.P. The transfer of the second phosphate group from 
this comjwund requires, as Coiowick and Kalckar (37) have shown, the pres- 
ence of another enzyme, myokinase, which is found in muscle. This enzyme is 
remarkable, not only for its heat stability, but also for the minute quantities 
which are required to effect the transfer of the second phosphate group. These 
phosphorylations also require the presence of magnesium ions. 

phnphoglutom ulast 

(2) Glucose 6 -pbospbate , Glucose-l-phosphate 

This intramolecular migration of phosphate, of which there are several 
notable examples in intermediary carbohydrate metabolism, is accomplished 
by the enzyme, phosphoglucomutase. This enzyme also requires, as a co 
factor, magnesium ions, 

photphorylasc 

( 3 ) GIucose-1-phosphate . — — ! GIj cogen + H,PO< 

This reaction is catalyzed by a phosphorylase, an enzyme that is widely 
distributed both in plants and animals. In addition to the specific protein it 
requires adenylic acid and magnesium. The phosphorylase has been crystal- 
lized as the adenylic acid complex (73). Under its influence glycogen under- 
goes the first step in its breakdown by phosphorolysis, the replacement of the 

* Tor convenience adenosine triphosphate nill be designated as A.T P.; the product of Its 
first dephosphorylation, adenosine diphosphate, as A D.P ; the product of a second dephos- 
phorylation, adenylic acid, as A .A. The first two of these phosphate bonds have a high energy 
content, j itlding 10,000 to 12,000 calories per mol on hj drolysis The symbol ~ Ph is used 
to designate a high energy phosphate bond 
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C— 0 — C bond of the 1-4 glucosidic chain by the C — O — P bond of glucose- 1- 
phosphate, inorganic phosphate being absorbed, see VI. The analogy of this 
reaction to hydrolysis of starch or glycogen by weak adds or by amylases is 
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apparent; hydrolysis of glycogen, however, does not occur within the cells of 
the body, but only in the digestive tract or blood stream. Furthermore, 
hydrolysis progresses In a step-wise manner, with formation of intermediate 
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polymers such as dextrin and maltose; but no such intermediate polymers are 
produced by phosphorylation, which appears to be an explosive reaction in 
which the whole glycogen molecule is at once disrupted. Glucose- 1-phosphate 
is rapidly polymerized to glycogen »» vitro by phosphorylase, provided a small 
quantity of glycogen is present to prime the reaction (49). 

(4) Glucose- 6-phosphate P ^ pthotase ^ j-| ucose _|_ j^pOi 

The liver contains a phosphatase tiiat rapidly attacks glucose 6-phosphate, 
yielding free glucose and releasing inorganic phosphate which can be reabsorbed 
in reaction (3) above. Since glucosc-6-phosphate is in equilibrium with 
glucose- 1-phosphate through reaction (2), the process, once initiated, would 
result in the conversion of all liver glycogen to glucose if simultaneous oxida- 
tions did Rot regenerate glucosc-6-phosphnte by reaction (1), This leads to 
further synthesis of glycogen. The system is a beautiful example of the dynamic 
nature of the equilibria in living cells. 

In muscle the hydrolysis of glucose-6-phosphale to free glucose does not 
occur because the necessary phosphatase is either absent or present only in 
low concentration. In this tissue (cf. below) further phosphorylation of the 
hexose molecule leads to the formation of hexose diphosphate which, in turn, 
is decomposed to pyruvic and lactic acids. For this reason muscle glycogen 
can not directly contribute glucose to the circulating fluids. 

In both liver and muscle glucose-6-phosphate is in equilibrium with fructose 
6-phospliate. This equilibrium is governed by an enzyme, isomerase, the 
prosthetic group of which has not been ascertained with certainty. 

is&m trusty 

(5) Glucose-6-phosphatc , Fnjctose-6-phosphate 

This reaction is important for two reasons. The first was mentioned above: 
in the absence of phosphatase fructose-6-phosphate is subjected to a second 
phosphorylation in the 1-position to yield the symmetrical 1: 6-diphosphate, 
which is split into two triose molecules. Second, the presence of this equi- 
librium between the two monophosphates explains the behavior of fructose in 
the formation of glycogen. With the aid of hexokinase or myokinase adenosine 
triphosphate can phosphorylate fructose as readily as it can glucose, by reac- 
tion (1). The entry of either of these sugars into the cells, therefore, will 
result, through the activity of isomerase, in the formation of both monophos- 
phates. This reaction also occurs in the intestinal wall which, like the liver, 
can then dephosphorylate the glucose-6-phosphate to yield glucose. Since the 
phosphatase attacks only the glucose monophosphate no free fructose is re- 
leased ; the fructose all passes through the equilibrium mixture to form glucose. 
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(6) Fructose + A.T.P. ► Fnictose-6-phosphate * Glucose-6-pliosphate 

]^kosfhatase 

Glucose 

The positions of the equilibria of these various reactions leading to the syn~ • 
thesis or breakdown of glycogen at pH 7 and 25°C. is given in table 6. It will 
be observed that the direction of the overall reaction, glycogen glucose, 
is controlled by the concentrations of glucose-l-phosphate and inorganic 
phosphate. 

A comparable reaction between galactose, galactose- 1 -phosphate and glyco- 
gen could not be demonstrated by Colow ick (36), although Kosterlitz (102) 
claims to have found a galactose phosphate in the livers of rats which had been 
fed gaiactose. By whatever means glycogen is formed from these hexoses or 
any other substances which can serve as sources of glycogen, the reactions by 
which they are formed are not, like the reaction, glucose ^ glycogen, normally 
reversible. 'Whatever its source, liver glycogen when hydrolyzed either in vitro 
by means of acid or in the body by the action of enzymes, yields only glucose 

TABLE 6 

EQcimsrA or Reactions Involved in the Synthesis and Breakdown or Glycogfs 

Glycogen -f- inorganic phosphate (77%) ♦=* Glucose 1-phosphate (23%) 

Glucose 1 -phosphate (6%) pi Glucose 6-phosphate (94%) 

Glucose 6-phosphate (70%) «=* Fructose 6-phosphate (30%) 


Oxidation of sugars 

In the normal animal a variable amount of carbohydrate is always utilized 
by the tissues for the maintenance of the metabolic processes, and of this carbo- 
hydrate a proportion is oxidized to C0 2 and H;0 for the provision of energy’. 
All carbohydrates must apparently be turned into glucose before they are 
burned. This means that all except glucose must first be converted to glycogen 
by the liver. Glucose alone can be utilized directly by the tissues. It may be 
regarded as the universal medium of exchange for carbohydrate metabolism. 

Glucose is utilized directly by certain cells — e.g. the red blood cells, — but in 
most cells it is first converted to glycogen by a reaction quite similar to that 
described for the formation of glycogen in liver (tide supra). In the case of 
muscle, however, for reasons mentioned above, this reaction does not appear 
to be reversible. 

The breakdown of glycogen in muscle. It has long been recognized that in 
tissues, with the exception of liver (and possibly kidney), the breakdown of 
glycogen leads, not to the formation of glucose, but to the accumulation of 
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lactic acid. In 1907 Fletcher and Hopkins (70) showed that, although lactic 
acid was produced during the contraction of frogs’ muscle in the absence of 
oxygen, it did not accumulate in the muscle if this was kept in an atmosphere 
of oxygen or, if it had accumulated, disappeared when oxygen was readmitted 
to the muscle. The discovery that lactic acid, formed during anaerobic ac- 
tivity, was derived from glycogen, and that part of the lactic acid was oxidized 
while the remainder was reconverted to glycogen during a subsequent period 
in oxygen, led Meyerhof and Hill to develop their theory of muscular contrac- 
tion. This latter postulate proved to be incorrect. It was attacked from the 
first because it implied the formation of carbohydrate from fat, for w hich there 
was no other satisfactory evidence. The demonstration that the R.Q. of 
mammalian muscle in situ may be less than 1.00 and that the respiratory quo- 
tient of isolated diabetic muscle approaches 0.71 (156) further indicated that 
muscular energy was not entirely derived from carbohydrate. With the dis- 
covery by Lundsgaard (116) that muscles poisoned with monoiodoacetic arid 
will contract in the absence of oxygen, albeit for only a short time, without 
forming lactic arid, the Hill-Mcyerhof theory became obviously untenable. 

This theory, in its original form, implied that carbohydrate was the sole 
source of energy for muscular contraction. It is now known that oxidation 
of other materials, particularly fat, supports muscular activity. Indeed, the 
breakdown of carbohydrate is related only to the recovery process. The actual 
contraction is more closely linked with the disruption of energy rich bonds, 
such as those in adenosine triphosphate and creatine phosphate. Even the 
rupture of these compounds, according to Engelhardt (65), follows the release 
of the mechanical energy of the contraction. It is known, however, that 
energy for the resynthesis of adenosine triphosphate and creatine phosphate 
may be derived either from anaerobic or aerobic splitting of carbohydrate or 
from the oxidation of other substances, such as fatly acids. 

According to the prevailing theory of muscular activity the oxidation of 
carbohydrates or fats forms energy which is absorbed into certain types of 
chemical bonds from which it may then be drawn to empower cellular function 
In muscle this energy is largely used for mechanical work; but in other organs 
it serves various specialized functions. The formation of high energy' bonds 
by anaerobic or aerobic breakdown of carbohydrate is, at the present time, 
the best known example of this process; but ultimately other groups may be 
found that operate with a similar effect. For a full’discussion of the formation 
of energy rich bonds the reader should consult the comprehensive paper of 
Lipmann (114). 

The first steps in the breakdown of glycogen in muscle are identical with 
those in liver and need no further description. The two processes diverge 
after the formation of the equilibrium mixture of glucose-6-pbosphate and 
fructose-6-phosphate. In muscle at this point the fructose ester is converted 
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into fructose-1: 6-diphosphate {the Harden-Young ester) by A.T.P., which 
contributes an energy rich phosphate bond. 

phosphohexoiinase 

(7) Fructose-6-phosphate ~f- A.T.P. t— * 

Fructose-1 : 6-diphosphate 4- A.D.P. 
This reaction is catalyzed by phosphohexokinase. The diphosphate is next 
split by zymobexase into two 3-carbon compounds, 3-glyceraldehyde phosphate 
and dihydroxyacetone phosphate 

symohezase 

(8) Fructose-1 : 6-diphosphate , — 3-gJyceraldehyde phosphate 

+ dihydroxyacetone phosphate 
These two' compounds, through the action of another isomerase, form an equi- 
librium mixture which, under conditions existing in the cells, is continually 
disturbed by the rapid transformation of the glyceraldehyde phosphate into 
3-phosphoglyceric acid. Credit for the elucidation of the details of this last 
reaction, one of the most important in the whole anaerobic breakdown of 
glycogen, belongs to Negelein and Bromel (145). 

The first step is the further phosphorylation of 3-glyceraldehyde phosphate 
by inorganic phosphate. This is a non-enzymatic reaction. 

(9) 3-glyceraldehyde phosphate ■+■ H*PO< 1 :3-diphosphoglycera!dehyde 

The resulting compound, l:3-diphosphoglyceraldehyde, reacts with a pyri- 
dino-prolein, the prosthetic group of which is diphosphopyridine nucleotide 
(D.P.N.), to form l:3-diphosphoglyceric acid. 

(10) l:3-diphosphoglyceraIdehyde -f D.P.Jf. 1 :3-diphosphogiy ceric add -f- D.P.N. Hi 

This last reaction is effected by reduction ot the pyridine nucleotide; conse- 
quently energy is liberated. This energy is immediately absorbed by the 
transfer to A.D.P., which has been derived from reactions (1) or (7), of the 
high energy phosphate bond. 

(1 1) 1 :3-diph osph oglycenc add +- A.D.P. ^ 3-phosphoglyceric add + A.T.P. 

This reaction, which is non-enzymatic, liberates for muscular work or other 
purposes about 10,000 to 12,000 calories per mol. 

There follows an intramolecular migration of the phosphate group of phos- 
phoglyceric arid to the 2-position, analogous to that of reaction (2), catalyzed 
by the enzyme, triose mutase. 

triose mutase 

(12) 3-phosphoglyceric add , 2-phosphoglyceric add 

The 2-phosphogIyceric acid is then dehydrated to yield phospho-enol-pyruvic 
arid with the aid of an enolase that requires magnesium as a c ofactor. 
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er.olau 

- 11,0 . 

(131 2-phosphoglywiic add , Fbosp!io-enot-rn ruvic add 

+ 11,0 

By dehydration of the ester linkage this transformation generates another 
energy rich phosphate bond ■which can be transferred to cither A.D.P. or A.A. 
to form A.T.P. 

(H) Phospho -enol-pyruvic add 4- A.D.P. — * Pyruvic add + A.T.P. 

The dcphosphorylation of phospho-enol-pyruvic acid yields a further 10,000 
to 12,000 calorics per mol. It is not reversible under anaerobic conditions; 
phosphopyruvic acid can be formed from pyruvate only in the presence of 
simultaneous oxidations. 

The final step in the anaerobic breakdown of glycogen is the formation of 
lactic acid by the interaction of pyruvic acid with reduced diphosphopyridine 
nucleotide (see reaction (10)). 

15) pyruvic acid + D P.N. ITi ^ Lactic add + D.P.N. 

In this way the coenzyme is again made available for the oxidation of more 
phosphoglyceraldehyde, while lactic acid becomes the acceptor of the hydrogen 
which is released. This reaction is catalysed by lactic dehydrogenase. 

Lactic acid, therefore, far from occupying the central r<Mc in muscle metabo- 
lism, originally assigned to it by Meyerhof and Hill, is in reality only a dead- 
end product of the anaerobic process; its formation is solely contingent upon 
the need to maintain the coenzymc in an oxidized form. Under aerobic con- 
ditions atmospheric oxygen takes its place as the hydrogen acceptor. Conse- 
quently, muscles supplied with sufficient oxygen to keep pace with their carbo- 
hydrate utilization form little or no lactic acid. While pyruvate is formed as 
a product of the anaerobic breakdown of carbohydrate in many types of cells, 
the formation of lactic acid is more limited. In yeasts and plants anaerobic 
decarboxylation of pyruvate yields acetaldehyde which then accepts hydrogen 
to form alcohol. The end products of anaerobic fermentation in bacteria are 
extremely various. Pyruvic acid may be split to form acetic and formic adds. 
Two molecules of pyruvate may undergo dismutation to yield acetic acid, 
lactic acid and CO?, or may condense to form acetyl raethylcarbinol. Finally 
CO? may condense with pyruvate to form a number of products (196). A 
similar condensation which occurs tn animal tissues is of extreme importance 
to the further oxidation of pyruvate (cf. below) 

The reactions, described above, which lead to the formation of lactic acid 
from glycogen, together with the changes ol phosphate compounds vhich 
accompany them, are shown in figure 4. 
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Fia 4 A schematic representation of the reactions involved in the anaerobic metabolism 
of carbohydrate by muscle. 
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'rhc overall reaction for the conversion to lactic acid of one mol of glucose 
from glycogen is: 

Glucose (from glycogen) + ~ Ph + 3II,PO, -♦ 2 Lactic add + 4 ~ Ph + 40,000 cals. 
If glucose must first be phosphorylated to glucose*6-phosphate one more energy 
rich bond from A.T.P. is required, thereby reducing the yield of energy. The 
net yield of energy from glycogen is about 30,000 calories (3 ~ Ph bonds) per 
mol of hexose, which is about 50 per cent of the total exchange of free energy. 
This energy, which is reincorporated into the formation of A.T.P., may be used 
to perform muscular work, for the resynthesis of creatine phosphate, or for the 
particular energy absorbing reactions of organs other than muscle— e.g. renal 
excretion, intestinal absorption, etc. AH the reactions, except the dephos- 
phorylation of pyruvic acid, are reversible. All but two are catalyzed by 
specific enzymes, many of which require coenzymes. Among the latter are 
found purine and pyrimidine bases united with phosphates and pentoses. In 
these compounds components of the vitamin II complex, such as nicotinic acid 
and riboflavin, appear (sec chapter on Purines and Pyrimidines). 

The physiological function of the anaerobic cycle of carbohydrate metabolism. 
Studies of intact animals and muscle preparations of various kinds lead to the 
following deductions: (1) From glycogen through the formation of pyruvic 
acid the anaerobic path of carbohydrate metabolism must be the major path- 
way. If it were not it would be hard to account for the central importance 
of the tricarboxylic add cycle in which pyruvic or acetic acid must condense 
with oxaloacetic acid to form cis-aconitic acid. The terminal formation of 
lactic acid, on the other hand is utilized only in short exercise, so severe that 
adequate amounts of oxygen can not be supplied with sufficient rapidity, or 
during the initial stages of muscular activity. (2) It is doubtful whether any 
of the lactic acid formed from glycogen is oxidized by the muscle. Lactic acid 
seems to be a chemical dead end, although the processes by which it is pro- 
duced furnish a limited amount of energy. (3) Although lactic acid is recon- 
verted to glycogen in isolated frogs’ muscle, there is reason to suspect that it is 
not similarly treated in mammalian muscle. The major part, at least, appears 
to escape into the blood stream, by which it is conveyed to the liver to form 
glycogen. (4) Although some carbohydrate is required by muscles under all 
conditions for the conduct of the operative processes that give to muscles the 
peculiar property of contraction, the energy for the contraction need not be 
derived from carbohydrate, but may be provided by any food stuff that is 
available. (5) The most frequented path of carbohydrate metabolism di- 
verges from the path that leads to lactic acid and requires the presence of 
oxygen. It terminates with the combustion of the end products of sugar to 
COj and HjO. 

In the older theory of Meyerhof and Hill, the formation of lactic acid was 
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termed a cycle under the impression that lactic acid was reconverted to glyco- 
gen, If any true cycle exists in this system it is confined to the high energy 
bond phosphate-carriers, and especially A.T.P. By virtue of this valuable 
compound high energy phosphate bonds are attached to the carbohydrate 
molecule at one end of the process and picked up again at the other, ready for 
a new circuit. It has been estimated by Meyerhof that the total energy that 
can be derived from the sura of the reactions involved in the formation of lac- 
tic add from glycogen amounts to less than one-tenth of the energy that could 
be derived from complete oxidation of a molecule of hexose. 

Although experiments of Meyerhof and others seem to prove that in frog 
muscle lactic acid may be reconverted to glycogen, no comparable process has 
been unequivocally demonstrated in mammalian muscle. In comparisons of 
arterial — venous COj differences Himwich, Locbel and Barr (90) found that 
the acidosis produced in blood from exercising muscles of man was partly 
neutralized by passage of the blood through resting muscles. Himwich, 
Koskoff and Nahum (89), in a reexamination of the subject by direct methods, 
found that lactic acid, given off by exercising muscles, was removed chiefly 
by the liver. Small amounts, absorbed by resting muscles for brief periods, 
suggested that the capacity of these piuscles to utilize the acid was limited 
or that a certain amount entered them by diffusion. On the assumption that 
the concentrations of lactic acid in muscle and blood paralleled one another 
closely, Margaria, Edwards and Dill (131, 132) estimated the amount of lactic 
acid in the muscles from its concentration in the blood. It was found that 
men could work at two-thirds of their maximum metabolic rate without any 
significant accumulation of lactate in the blood. If lactic acid were a regular 
intermediate product of rarbohydrate metabolism of muscle, its concentration 
in blood might be expected to increase somewhat when its formation was 
accelerated by work of this magnitude. When, by work so severe that it sur- 
passed the rate at which oxygen could be supplied to the muscles, lactic acid 
was caused to accumulate in the blood, it disappeared gradually during sub- 
sequent rest. About IS minutes was required to remove half the lactic acid. 
Margaria, Dill and Edwards estimated that the amount of lactic acid that 
disappeared from the blood could account for only about one-thirtieth of the 
oxygen consumed per minute after exercise. Sacks and Sacks (164), from 
studies of carbohydrate balances of muscles exercised aerobically in situ, could 
find no evidence that lactic acid was utilized in the muscles at all. Appar- 
ently it merely escaped into the blood, by which it was presumably conveyed 
to the liver, where it has been clearly established that it can be converted to 
glycogen (45).* Barker, Shorr and Malam (5) demonstrated that isolated 

’This statement may require some amendments. There is substantial evidence that 
when lactate is administered to an animal it disappears with the simultaneous formation, 
by the liver, of a comparable amount of glycogen (45). Moreover, lactic add which enters 
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mammalian muscle, poisoned with iodoacetic acid to exclude formation of 
lactic acid, consumed oxygen and contracted in the normal manner. 

Both the Coris (48) and the Sackses (163) found that some lactic acid was 
produced in the early stages of vigorous muscular contraction, whether this 
was conducted aerobically or anaerobically; but the lactic acid accounted for 
only part of the glycogen which was broken down. Flock and Bollman (71) 
have likewise shown that lactic acid production regularly accompanies the 
first stages of muscular exercise. The initial production ol lactic acid may 
mark the interval between the onset of muscular activity and the circulatory 
response that provides the oxygen required for its continuation. During this 
interval the reactions involved in the formation of lactic acid may supply the 
energy for contraction. 

Further oxidation oj pyruvic acid. Although carbohydrate oxidation may 
not always pass through the formation of pyruvic acid — that is, preliminary 
phosphorylation and anaerobic splitting (fermentation) of glucose or glycogen 
—there is no doubt that pyruvic acid is one of the most active intermediary 
compounds in living cells. It is formed by the catabolism not only of carbo- 
hydrates, but also of proteins, and possibly of fatty acids. A list of the reac- 
tions in which it is involved, taken from Barron (7) is given in table 7. Many 
of these occur not in animal tissues, but in yeasts, bacteria and plants. One 
of the chief characteristics of these reactions is their dependence upon the 
presence of the thiamine-proteins, the prosthetic group of which is diphospho- 
thiamin, Vitamin B|. 

In living cells the carbon and hydrogen of intermediary metabolic com- 
pounds rarely unite directly with atmospheric oxygen. If they did, the energy 
of oxidation would be dissipated as heat and would not be available for cellular 
function. In order that the energy of biological oxidation may be utilized it 
must be released in $lcp3. Furthermore, the systems activating each step must 
be so ordered that the liberated energy Is absorbed by the formation of certain 
types of chemical bonds. Subsequent decomposition of these bonds, either 
enzymatically or non-enzymatically, renders the previously absorbed energy 
available to the cells. Among the compounds which are known to be formed 
in association with the generation of metabolic energy, both during the anaero- 
bic and aerobic breakdown of carbohydrate, are phosphates of certain organic 


the blood, from either exogenous or endogenous sources, is removed from the circulation by the 
liver without any demonstrable accumulation of lactic acid in this organ- The inference 
seems inescapable that the lactic acid removed by the liver is converted to glycogen. Never- 
theless, when Vennesland and his associates (188, 189) injected into rats lactic acid ear- 
marked with isotopic carbon, no appreciable quantity of the isotopic carbon could be detected 
in the glycogen of the liver. In fact, the glycogen contained quite as much isotope if tagged 
bicarbonate was given. Therefore, although lactate promotes the formation of liver glycogen, 
there is no certainty that it is incorporated into the glycogen molecule. 
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bases, such as A.D.P., A.T.P., creatine phosphate, arginine phosphate (in 
invertebrates), and the phosphorylated forms of such coenzymes as di- and tri- 
phosphopyridine nucleotide, mono- and di-phosphoalloxozine adenine nucleo- 
tide, and diphosphothiamin. In addition certain of the carbohydrate deriva- 
tives themselves become phosphorylated with high energy bonds in the course 
of their metabolism. Among these are 1 :3 dipbosphoglyceric add, phospho- 
enol-pyruvic acid and at least in bacteria, acetyl phosphate. Other reactions 
and groups may confer similar properties. The reincorporation of CO* by 
carboxylalion in a variety of compounds may be an example; the addition of 
the N-methyl group in the synthesis of choline, creatine and other compounds, 
may be another. The amidine group used for the synthesis of urea and in the 
formation of creatine may furnish still another. 


TABLE 7 

Reactions in Which Pyruvate Participates. Atter Barron (7) 


NATURE OT REACTION 

END nODUCT DETERMINED 

RE/ERESCE 

Oxidation-redaction. . 

Lactate 

(193) 

Oxidation-animation 

Alanine 

094) 

Transamination 

Alanine 

(10) 

Decarboxylation . 

Acetaldehyde + CO- 

(115) 

Oxidation . . 

Acetate + CCb 

(9, 113) 

Dismutation 

Lactate + acetate -f COj 

(9. 113, 173) 

Disrautation . 

Acetate + formate 

(8) 

Condensation 

Acetylmetbylcarbinol + COi 

(75, 174) 

Condensation 

Carbohydrate 

•00) 

Condensation 

Citrate 

00) 

Condensation 

Aeetoacetate 

(10) 

Condensation 

Succinate 

(10) 

Condensation. 

a-ketoglutarate 

(10) 

COrfixation .... 

Oxaloacetate 

003) 


In the last analysis the oxidation of carbohydrate to C0 2 and HjO is a re- 
versal of the photosyntfietic process, liberating for ceffuiar use the sofar energy 
previously absorbed by the plant. 

(COz)» + (HiO), + energy (CII : 0). + (Oj). 

Whether this degradation is accomplished partially by fermentation or com- 
pletely by union with atmospheric oxygen, it progresses in steps, each of which 
is usually activated by a specific protein which, either alone or in combination 
with a cocnzyme, constitutes the enzyme system. 

Ail oxidations, whether aerobic or anaerobic, are initiated by the enzymatic 
activation of the hydrogen of the metabolite, in consequence of which the 
hydrogen is transferred ta the enzyme. The enzymes that potentiate such 
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reactions are termed dehydrogenases. If the dehydrogenase is associated with 
a co-enzyme, the latter becomes reduced, when it may act as the substrate for 
a second dehydrogenase to which the hydrogen is transferred, thus regenerating 
the original co-enzyme. 

Hi (from metabolite) + Co-cnzyme I — * Reduced Co-enzyme I 

Reduced Co-enzyme I + Co-enzyme II — * Co-enzyme I + Reduced Co-enzyme II 

Each dehydrogenation releases a portion of the energy of the hydrogen, which 
can be used to generate high energy bonds. 

The chains of dehydrogenases, each of which becomes successively reduced 
and reotidized, vary in length. In the shortest the original dehydrogenase 
may react directly with molecular oxygen. An example is the oxidation of 
glucose to gluconic acid by red blood cells. Reactions of this type yield no 
energy for cellular function, since it is all dissipated as heat. In the more 

Mil, — ► 2II f + 2e + oxidised zubstrate 
211+ + 2c + Coenzyme I — » Reduced Co-enzyme I 
(Pyridine-Protein) 

Reduced Co-enzyme I + Coenzyroc II — * Co-enzyme I + Reduced Co-enzyme II 
(ITavo-Protein) 

(C>tochrome Reductase) 

Reduced Coenzyme II + Cytochrome Te-- • -» Co-enzyme II + Cytochrome Pe-- + 211- 
Cytochrome Te • + Cytochrome Oxidase Ie--< -♦ Cytochrome re- • ■ + Cytochrome 
Oxidase Te- • 
j0,-0' + 2(+) 

2 Cytochrome Oxidase I*e • + O* + 2(+) -♦ 2 Cytochrome Oxidase Fe-- • + O* 

0’ + 2H*4lM> 

no. 5. The Szent-GytJrgi (181) cycle in the oxidative metabolism of carbohydrate 


highly organized systems atmospheric oxygen is activated by means of a series 
of iron-containing catalysts, the cytochrome system. This consists of the 
three cytochromes, A, B and C and a cytochrome oxidase. In all of them the 
iron atoms are alternately reduced and oxidized, the reduction to the ferrous 
form being effected by electrons derived from the substrate, reconversion to the 
ferric form by positive charges derived from the activation of atmospheric 
oxygen. The oxygen ions thus formed unite with the hydrogen ions derived 
from the substrate, to form water. Being an electron transfer system only, 
the cytochrome system does not actually transport hydrogen as do the pre- 
ceding dehydrogenases. The general scheme of biological oxidation is por- 
trayed schematically in figure 5. For a more detailed account of such oxida- 
tions and the chemistry of the enzymes involved, the reader is referred to the 
monograph by Green (74) and the Symposium on Respiratory Enzymes (180). 

As a result of the operation of the complete system the hydrogen of the 
metabolite is united in a stepwise manner with oxygen, the energy derived' 
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at each step being either incorporated into chemical bonds of higher energy 
content or dissipated as heat. The overall efficiency of biological oxidation, 
in terms of the free energy gained, is variable, but probably amounts to between 
one quarter and one half of the total energy exchange. 

It was found by Szent-Gyorgi (181) that in addition to the specific catalysts 
of cellular oxidation, certain intermediate compounds of carbohydrate me- 
tabolism could also function as hydrogen- transporting systems. These are 
the two pairs of dicarboxylic acids: (a) oxaloacetic and malic, (b) succinic and 
fumaric. Their action as postulated by Szent-Gyorgi is shown in VII. These 
two sets of acids were then supposed to couple directly with the cytochrome 
system, affording an alternate pathway for the transfer of hydrogen to that 
shown in figure 5. The fact that these dicarboxylic acids are reduced by cells 
under aerobic conditions indicates that they have a special significance in 


metabolism. 

Oxaloacetic acid 

VII 

Fumaric acid 



CO— COOH 


CH— COOH 

II 

CH— COOH 


Substrate 

| 

CH,— COOH 



1 ±hj 

Oxidized 

Substrate 

+ ZH if -211 

CHOH— COOH 
| 

+211 

+ 2H |f — 2H 

CH,— COOH 

1 

Cytochrome 

System 


CH, — COOH 


1 

CH,— COOH 



Malic acid 


Succinic acid 



This theory makes no attempt to explain the intermediary steps of carbo- 
hydrate oxidation, nor to account for the formation of C0 2 . These deficiencies 
are met by Krebs’ (104) expansion of the dicarboxylic cycle. Although many 
details of this scheme, which is termed the tricarboxylic acid cycle, remain to 
be clarified, it probably represents the main pathway for carbohydrate oxida- 
ti&n in snin?si tissues. It is untuned io its meet retest -faro? hnUw and is 
schematically represented in figure 6. This epitomizes the present conception 
of the oxidation of carbohydrate through phosphorylation and the formation 
of pyruvate. 

The first step in the tricarboxylic acid cycle is the condensation of pyruvic 
acid with oxaloacetic acid to form cis-aconitic acid, with the evolution of a 
molecule of C0 2 and the oxidation of two hydrogen atoms: 

(16) CHjCO- COOR + IlOOC-CO-CH,- COOK + JO, -» CH,- COOH 

| +C0.+1I.0 

Pyruvic acid Oxaloacetic acid HOOC-C *= CH- COOH 


Cis-aconitic acid 
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By addition of a molecule of water cis-aconitic acid can form either tsodtric 
or citric acid. In the original paper Krebs suggested that citric acid was in 
the direct pathway; hut further investigation has shown that the reacting 



Fig. 6 A schematic representation of Krebs’ (104) tricarboxylic acid cycle in the ori- 
els tne metabolism ol carbohydrate by muscle 


compound is isocitric acid, although citric acid is also formed and remains in 
equilibrium with its isomer. 


(17) CITj-COOH 

| + H-0 

HOOC-C “ CH-COOH 
Cis-aconitit otid 


cii.coon 

I 

HOOC • CH — CHOH- COOH 
Isecitric acid 
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Isocitric acid is then oxidized to a-ketoglutaric acid. 

(18) CH,-COOH CHj-COOII 

I +HO, ► | +C0 1 + H,0 

HOOC*CH-CHOHCOOH CII,-CO-COOH 

Isocitric acid a-hetoghUarit acid 

«-ketoglutaric acid is next oxidized to succinic add, a member of the 
Szent-Gyorgi dicarboxylic acid cycle. 


(19) 


CHj-COOH 

I +MO, 

CHrCOCOOH 
a-ketoglutaric acid 


CH,.COOH 

• — * 1 + CO, 

CHt-COOH 
Succinic acid 


At this point all 3 carbon atoms of pyruvate have been oxidized to COz 
(reactions 16, 18, 19) and two of the four hydrogen atoms (reaction 18) to 
water. The 2 remaining hydrogen atoms of pyruvate are transmitted over the 
two pairs of dicarboxylic acids (see VII) to unite with oxygen through the cyto- 
chrome system. 


( 20 ) 


CHj-COOH 
| + 0, 
CH,-COOH 
Succinic acid 


CHj-COOH 

| + H,0 

CO-COOH 
Oxaloacetic acid 


When this is accomplished oxaloacetic add has been regenerated and is 
ready to repeat the cycle by uniting with another molecule of pyruvate. 'Hie 
overall result of the cycle is the complete oxidation of pyruvate to C0 2 and 
water. 

C0W>, + 2i Ox -* 3 CO* + 2 H.0 

It is entirely probable, although the compounds have not yet been identified, 
that phosphorylated derivates of the constituent members of the cycle, con- 
taining high energy bonds, are formed during its operation. These are trans- 
ferred to such receptors as A.T.P. and creatine phosphate. The occurrence 
of aerobic phosphorylations during the oxidation of carbohydrate and its 
derivatives is well established (38, 148). The general principle governing the 
absorption of metabolic energy is identical, therefore, whether the energy is 
liberated by aerobic or anaerobic processes. 

Other pathways of carbohydrate oxidation . There is little doubt that path- 
ways for carbohydrate oxidation other than those involving the tricarboxylic 
add cycle exist in cells. Of considerable interest is the oxidation of pyruvic 
add with the formation of acetyl phosphate, first described by Lipmann (114) 
in certain bacteria. To date, however, acetyl phosphate (CHa-CO-POjHj), 
as a product of pyruvate oxidation, has not been identified in animal tissues. 
This may be due to its great lability, as it readily donates its high energy bond 
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to suitable acceptors. It may also serve as an acetylating agen t— for example, 
in the synthesis of acetylcholine. 

The importance of acetate in mammalian carbohydrate metabolism has been 
recently enhanced by certain indirect evidence. Rittcnbcrg and Bloch (157), 
when they fed acetate containing the isotope of carbon (C 1 *) in the carboxyl 
group to rats and mice, found the isotope in the dicarboxylic amino acids of the 
liver. Degradation of the i sob ted aspartic and glutamic acids showed that 
the carbon isotope was in their carboxyl groups. While some of the C u may 
have been introduced by CO*- fixation, it was so distributed as to leave little 
doubt that acetate may be utilized to form a-ketoglutaric and oxaloacetic acids, 
compounds that are key members of the tricarboxylic acid cycle. Since the 
amino acids corresponding toa-ketogtutaric and oxaloacetic acids were actually 
isolated and found to contain the isotope, it is also clear that both carbohydrate 
and protein can furnish the intermediaries for this cycle. In a similar type of 
study Weinhousc, Medcs, and Floyd (195) observed that, while in liver a large 
part of the labelled acetate condensed to form acctoacetic acid, in the kidney 
some of the isotope was apparently converted to four carbon dicarboxylic acids. 
Rittcnberg and Bloch concluded that it must be simibrly converted in the 
liver. Finally Buchanan and associates (25) have shown that Labelled aceto- 
acctic acid is converted by guinea pig kidney cortex into fumaric and a-keto- 
glutaric acids. They suggest that the acetoacctic acid is first broken down to a 
2-carbon intermediate (acetyl phosphate ?), which then condenses with oxalo- 
acetic acid to enter the tricarboxylic acid cycle. Therefore acetate — or perhaps 
acetyl phosphate — must be regarded as one of the most unique metabolic 
products in the body being derived from the catabolism of carbohydrate, pro- 
tein and fat. The reactions by which it is formed and its point of entry in 
the cycle of aerobic carbohydrate metabolism are suggested in figure 7. It is 
obvious that this common product can finally be oxidized to CO 2 and H 2 O 
by the mechanism of the tricarboxylic acid cycle. 

Hcxoses may also be oxidized directly before pyruvate is formed. Dickens 
(60) and Lipmann (112) have suggested a scheme in which hexose 6-phosphate 
is oxidized first to 6-phosphohexonate, then to 2-keto-phosphohcxonate, which, 
by decarboxylation, yields a pentose phosphate. 

These. nAya. triste. w, za. enzyme, %bimse. oxidase, which, oxidizes $ucnse 

directly to gluconic acid (82). Enzymes of this character are abundant in 
molds; Penicillin B belongs to this class (187). Further evidence for the non- 
phosphorylative breakdown of carbohydrate has been advanced from time to 
time; but this is probably of minor importance in comparison with the processes 
which involve transfer of phosphate and the generation of high energy bond 
linkages. 

Resynthesis oj carbohydrate and assimilation of CO3. All the reactions leading 
to the formation of pyruvate from glycogen are reversible, with the exception 
of the dephosphorylation of phospho-enol-pyruvic acid. The synthesis of 
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glycogen from pyruvate or lactate, therefore, requires the absorption of energy 
which is ordinarily derived from simultaneous oxidations. In other words, 
synthesis of glycogen is a strictly aerobic process. Once the initial formation 
of phospho-enol-pyruvic acid has been accomplished, glycogen synthesis can 
proceed, provided all the factors governing the equilibria of the various steps 
have been suitably adjusted. Colowick and Sutherland (39) succeeded in 
converting glucose to glycogen in vitro, for example, by using the appropriate 
isolated enzyme systems, passing in succession from glucose to gIucose-6- 
phosphate, to glucose-1 -phosphate, which was finally polymerized to glycogen. 
Given appropriate enzyme systems and proper conditions, the glycolytic process 
might be reversed from any point above phospho-enol-pynivate. 

Glycogen synthesis can also be achieved through the formation of C4 di- 
carboxylic adds which, in turn, may be derived from pyruvate by the fixation 


Carbohydrate 


Fatty adds 


\ 1 i 

PynivJc acid Acetoacetic add 

• X / 

Acetic add 
[ (Acetvl phosphate?) 

J + Oxaloacetic acid 
1 — ►Tricarboxylic add cycle 

Fig. 7. A tentative representation o! the place of acetic add in the oxidative metabo- 
lism o! carbohydrate and ketone bodies. 


of C0 2 . The importance of this reaction for metabolism has recently been 
emphasized by Werkman and Wood (196) in connection with bacteria, by 
Evans and Slotin (66) in animal tissues. This reaction is postulated by Wood 
as represented in equation (21). This reaction not only offers a pathway for 
the synthesis of glycogen, but also maintains in the tissues the necessary levels of 
dicarboxylic acids whi^h participate as catalysts in the oxidation of pyruvate 
and other substrates. The actual steps involved in the formation of pbospbo- 
enol-pyruvate from pyruvate via oxaloacetic acid are probably as follows: 

(21) CHr CO • COOH + CO, 5* HOOC- CHr CO ■ COOH 

Pyruvic acid Oxaloacetic acid 

(22) HOOC- CH,- CO- COOH + H,PO« -> HOOC- CH:C- COOH 

0 + HiO 

1 

HjPOj 

Pbospko-enol-oxaloacttic acid 
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(23) HOOC=CH*CO-COOH * ► 11000-0=011, 

1 \ 

IWO, O 4- CO, 

HjPO, 

Pbosplw-enol oxaloacetic acid Fhospho enol.pyruvic acid 

(20 HOOC-D=CH, 

\ 

O 52 Glycogen -f II.PO, 

II, PQ, 

Hy the use of C0 2 containing the radio active carbon isotojje, C*, Hastings 
and his colleagues (23, 176, 189) showed that in rats C0 2 is incorporated into 
the liver glycogen which is laid down when lactate is fed. This is probably 
formed by condensation of pyruvate with CO*. 

The fuel of muscles. Although the normal result of the breakdown of carbo- 
hydrate which has been described is the production of energy at the expense 
of the carbohydrate, it is not essential that the energy be provided by car- 
bohydrate; it can be derived from other foodstuffs. Muscular activity is not 
coterminous with the combustion of carbohydrate; it continues in the depan- 
creatized dog, supported by energy derived entirely, or almost entirely, from 
fat. It is worthy of note that other 4-carbon compounds could conceivably 
l>c substituted for pyruvic acid in the initial reaction with oxaloacetic acid (see 
equation 16 and figure 6) and that the oxidative cycle could be completed 
without loss of any carlxibydrate derivative. As the cycle is depicted, one 
molecule of pyruvic acid seems to be lost each time. However, it is equally 
satisfactory to consider that one molecule of oxaloacetic acid is consumed and 
at the end delivers its residual CO, to pyruvic acid to form a new molecule of 
oxaloacetic acid. It has been suggested that when carbohydrate combustion 
is deficient, either from lack of exogenous carbohydrate or impairment of 
carbohydrate metabolism, the 4-carbon ketonic acids (acctoacetic and /9-hy- 
droxybutyric acids) by virtue of their ability to form acetic acid are substi- 
tuted for derivatives of glycogen in the intermediary- metabolic processes. 

The apportionment of the burden of providing fuel for muscular exercise 
between carbohydrate and fat depends ujxm the relative amounts of the two 
foodstuffs available and the integrity of the mechanism for the oxidation of 
carbohydrate. Nevertheless, when fat is bearing all, or nearly all the load, 
the transformations of carbohydrate, which have been described, continue at 
least in part. The formation of glycogen in both liver and muscle and the 
anaerobic degradation of glycogen to lactic acid in the latter do not cease (see 
sections on the pancreas and the nature and action of insulin, below). It 
follows that the formation of pyruvic acid must also continue. About the 
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further steps in the oxidative cycle less can be said with certainty. It can only 
be conjectured that, since all materials that appear ordinarily to be capable of 
conversion to carbohydrate, terminate as glucose in the diabetic, the stream 
of oxidative carbohydrate metabolism must be interrupted or dammed back 
at a point so near its origin, glycogen, that irre% r ersible transformations have 
not yet occurred (unless it be assumed tliat new channels are opened by which 
a reversal may be achieved). In any case a distinction must be recognized 
between the operative and the energy-producing functions of carbohydrate. 

Other offices of carbohydrate there are which fall into the operative or trans- 
formative category: the formation of pentoses as constituents of nucleotides, 
lactose for milk, galactose for lipids, etc. Concerning these processes nothing 
is known. Presumably these specialized sugars can be produced from glucose, 
since animals will grow normally on diets that contain no preformed carbo- 
hydrate other than the simple hexoses or their polymers, starch, sucrose, lac- 
tose, glucose and levulose. The formation of these compounds from glucose 
must also proceed without the intervention of insulin, since it does not appear 
to be interrupted in experimental or clinical diabetes. 

Conversion of glucose to fat (see also chapter on Lipids, p. 408). It is possible 
for an animal to ingest, assimilate and utilize in a short space of time more than 
enough carbohydrate to replace the glycogen of both liver and tissues and to 
provide for the oxidative processes of the body during the interval. The sugar 
that is not required for immediate combustion and the replenishment of gly- 
cogen stores is converted into fat for storage. Animals can be fattened on 
diets that contain only enough protein lor maintenance and are almost devoid 
of fat. 

There is no reason to assume, as is generally done, that only superfluous 
carbohydrate is transformed to fat. Such complete discontinuity is not com- 
mon among normal biological functions. Conversion to fat and subsequent 
combustion may more logically be regarded as an alternative pathway for the 
utilization of carbohydrate. It is a matter of no little moment to discover the 
conditions under which it may become the pathway of election. The eluci- 
dation of this problem is hindered by the fact that overall measurements of 
metabolism by means of the respiratory exchange give no information about 
intermediate processes. The formation of large quantities of fat will raise the 
respiratory quotient far above 1.00, because the transformation of hexose to 
fatty acids involves loss of oxygen without production of carbon dioxide. 
The combustion of carbohydrate with intermediary production of fatty acid, 
however, has the same respiratory quotient as the combustion of carbohydrate 
by direct oxidation, 1.00. Until, therefore, some other means is found by 
which the intermediate processes may be distinguished, the proportions of 
carbohydrate utilized by the two routes can not be estimated under normal 
dietary conditions. At whatever rate the transformation ordinarily proceeds. 
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whenever carbohydrate is eaten in such excess that it can not be immediately 
consumed or stored in the limited glycogen depots of the liver, it must be con- 
verted to fat. Talbott and associates (182) by giving patients with mal- 
nutrition, in addition to their regular diets, 500 to 800 gram3 of sugar daily, 
maintained respiratory quotients above 1.00 throughout the 24 hours forperiods 
of weeks. MacKay and Drury (124) fed litter-mate female rats only every 
other day diets that contained minimal quantities of fat. Rats that were 
killed at the end of a feeding-day contained more glycogen and fat than those 
that were killed at the end of a fast-day. The difference in glycogen, however, 
was insignificant compared with the difference in fat when both were estimated 
on a caloric basis, proving that the major part of the carbohydrate eaten was 
stored as fat, not as glycogen. 

Convincing evidence that a large proportion of ingested carbohydrate is 
transformed to fat by animals, even when their weight remains constant has 
been adduced by Stettcn and Boxer (21, 178). They measured the quantities 
of deuterium incorporated into the glycogen and fat of the livers and the glyco- 
gen of the carcasses of rats, which had been injected daily with deuterium oxide 
while they were receiving high carbohydrate diets free from fat. From these 
measurements it was estimated that of the 11 grams of carbohydrate ingested 
daily less than 0.5 gram could be recovered as newly synthesized liver glycogen, 
while from 3 to 5 grams was transformed into fat. At the same time there was 
a turnover of 69 per cent of the carcass (muscle) glycogen. Some 37 per cent 
of the liver fat was also transformed. It was also disclosed that more glycogen 
was formed by fasted than by fed animals after the administration of glucose 
or lactate. This indicates that even in rats that have received glucose a large 
proportion of the glycogen formed arises from smaller residues. In these 
experiments, it must be recognized, deuterium was not incorporated in the 
glucose itself. Whatever deuterium, therefore, appeared in the extra glycogen 
promoted by the administration of glucose, must have entered the molecule 
after the glucose had been subjected to intermediary reactions. 

Although fat is a peculiarly advantageous means of storing fuel for energy 
purposes, the combustion of carbohydrate after conversion to fat is an un- 
economical process, as was pointed out in the chapter on energy metabolism, 
because a certain proportion of carbohydrate must be burned to provide energy 
for the conversion. 

The site of the conversion of carbohydrate to fat, like most transformative 
processes, has generally been relegated to the liver, without direct evidence. 
Dickerson, Tepperman and Long (61) trained rats to eat their whole daily 
ration of a high carbohydrate-low fat diet in one hour, thus forcing the rats 
to dispose of a large quantity of carbohydrate in a short period of time. This 
they accomplished by accelerating the formation of fat. If such animals 
were first fasted and then fed glucose, the saturation of the liver fats decreased 
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strikingly within the next few hours. There was no such alteration in the 
composition of the liver lipicls of "untrained" rats. When liver slices from 
"trained" rats were incubated with either glucose or fructose, the respiratory 
quotients increased 40 per cent, while only fructose produced a comparable 
increase in the respiratory quotients of liver slices from "untrained" rats. 
In no instance, however, did the respiratory quotients of these slices exceed 
unity. These experiments suggest that carbohydrate is converted to fat in the 
liver. Tuerkischer and Wertheimer (185) have suggested that, under certain 
circumstances, the conversion may occur in the fat cells themselves. When 
young rats after a fast that exhausted the fat of their depots were given high 
carbohydrate diets it was found that the fat cells first accumulated a poly- 
saccharide that was identified as glycogen. This later gave way to fat. 

The removal of sugar from the blood by the kidney. Sugars, whether mono- 
saccharides or disatcharidcs, traverse the glomerular membrane freely, as they 
do the walls of blood capillaries. The amount which finds its way into the 
fully elaborated urine depends upon the quantity of sugar reabsorbed in the 
tubules. This, in turn, depends upon the nature of the individual sugars which 
enter the glomerular filtrate. The excretion of sugar in the urine is determined 
not by the total concentration of sugar in the blood, but by the separate con- 
centrations of the saccharides, each one being treated in a characteristic manner. 

Sucrose, raffinose and xylose are excreted with great rapidity in high con- 
centration. Only a small fraction, about 10 per cent, of each of these sugars 
is reabsorbed in the tubules of the kidney. It was this that led Smith and his 
associates (96, 169) for a time to believe that they were not reabsorbed at all 
and might serve as measures of the rate of glomerular filtration. Their clear- 
ances parallel closely that of inulin. Lactose and other sugars which can not 
be utilized, or are little utilized, are also excreted with great rapidity, possibly 
in the same manner; but their mode of excretion has not been so carefully 
analyzed. 

At the other end of the scale lies glucose, which can be reabsorbed so com- 
pletely that, under ordinary conditions of alimentation, only negligible quan- 
tities appear in the urine, although its concentration in the blood usually far 
exceeds that of any other saccharide. In the majority of people glycosuria 
can be induced with difficulty, if at all, by oral administration of glucose; but 
is readily induced if glucose is injected intravenously with sufficient speed. 
Absorption from the alimentary canal and utilization by the tissues proceed 
in such a rapid and coordinated manner in the former case that the concen- 
tration in the blood never rises excessively. By intravenous injection, how- 
ever, the concentration in the blood can be raised to any desired level. Be- 
cause the appearance of glycosuria seemed to be correlated with the attain- 
ment of a certain concentration of glucose in the blood, it was long cited as the 
outstanding example of a threshold substance. It has, however, been sug- 
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grated by Shannon and Fisher (168) that its excretion is determined, not 
directly by its concentration in blood or blood plasma, but by the rate at which 
it is offered to the tubules of the kidney. There is a definite limit to the rate 
at which the tubular cells can absorb glucose; the glucose which reaches them 
in the glomerular filtrate is completely absorbed up to this maximum capacity, 
quantities in excess of this arc allowed to escape into the urine. Excretion, 
therefore, depends on the rate of glomerular filtration as well as the concen- 
tration of glucose in plasma. 

There appears to be no comparable mechanism for protecting the body 
against loss of the other two common hcxoscs, levulosc and galactose. If the 
concentration of either of these sugars in the blood becomes appreciable, it 
can be detected in the urine (81). Under ordinary circumstances, however, 
absorption and utilization arc so attuned that they do not give rise to meli- 
luria. Whether they arc reabsorbed at all has not been determined by clear- 
ance techniques. Of the two, galactose is the more prone to appear in the 
urine because it Is absorbed more rapidly from the alimentary canal and 
utilized by the liver more slowly than levulosc (51). The fact that simul- 
taneous administration of glucose or the administration oi an equivalent 
amount of galactose in the form of lactose causes less rise of blood sugar and 
less mclituria than does the administration of galactose alone is adequately 
explained by Cori’s observation that these measures retard the intestinal ab- 
sorption of galactose (42). 

Considerable interest attaches to the excretion of inulin, a polymer of fruc- 
tose, because it appears to pass through the glomerular filter freely and to 
escape reabsorption in the tubules completely (86, 167). Its renal clearance 
can, therefore, be used as a measure of the rate of glomerular filtration. Smith, 
Fmkelstcin and Smith (175) have shown that the clearances of sucrose and of 
the hexose derivatives, sorbitol, mannitol, dulcitol and sorbitan, are the same 
as those of inulin in both dog and man, indicating that these compounds also 
are excreted by a process of filtration alone. 

The complete reabsorption of glucose from tubular urine, like its similar 
absorption from the gut, can not be attributed to diffusion alone, but must 
involve chemical reactions that require the expenditure of energy. Reabsorp- 
tion can be abolished by the action of phlorizin. The nature of these chemical 
reactions is entirely obscure. It has been suggested, but not proved, that the 
reabsorptive process involves phosphorylation. The subject is treated at more 
length in the detailed discussion of glycosuria below'. 

The use of the respiratory quotient to distinguish the manner in which carbo- 
hydrate is used (see also cliapter on Energy Metabolism). Normally, sugars 
are removed by the tissues almost as rapidly as they are absorbed into the 
portal blood stream. In the tissues they are either burned immediately or 
transformed into glycogen or into fat to be stored for future use. In the intact 
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animal measurement of the 0 2 consumed and the COi produced by the body 
during the assimilation of carbohydrate has been used to determine the relative 
proportions of absorbed carbohydrate disposed of in each of these three ways. 
One gram of nitrogen excreted in the urine results from the combustion of 6.25 
grams of protein, with the consumption of 5.91 liters of 0 2 and the production 
of 4.76 liters of C0 2 . If the COi and 0 2 from protein catabolism, estimated 
in this manner, is subtracted from the total gas exchange, the remaining C0 2 
and O 2 , the nonprotein gas exchange, is the resultant of three processes: (1) 
combustion of carbohydrate, (2) combustion of fat, and (3) transformation of 
carbohydrate into fat. 

Carbohydrates are burned, according to the reaction 
GH„0* + 6 O, ■= 6 COs + 6 H : 0 

It follows that the respiratory quotient or R.Q., *he com ' 

bustion of carbohydrate is 1.00. In contrast to this the R.Q, of the combustion 
of fat alone is 0.71, and that for the formation of fat from carbohydrate is far 
above 1.00. Consequently, if a mixture of fat and carbohydrate is undergoing 
combustion, the nonprotein R.Q. will lie between 0.71 and 1.00, its relative 
distance from the two limits indicating the proportions in which the two food- 
stuffs are being burned. It will make no difference whether the carbohydrate 
is burned after intermediary conversion to fat or whether, while fat is being 
formed from carbohydrate, an equal quantity of fat is oxidized. The respira- 
tory quotient will yield information only about the net result of these processes. 
On the other hand, if the total fat of the body is increasing by transformation 
of carbohydrate to fat more rapidly than the latter is burned, the R.Q. will 
rise above 1.00. Mere storage of absorbed sugar as glycogen, or of absorbed 
fat as fat, naturally will not affect the R.Q. Only under special conditions, 
therefore, can the R.Q. be used to detect conversion of carbohydrate to fat. 

It has been demonstrated repeatedly that on diets containing 'minimal 
quantities of fat, but large amounts of carbohydrate, animals can store fat. 
This is especially true of those species, such as swine and geese, that are par- 
ticularly prone to obesity (17, 72). When huge amounts of carbohydrate are 
fed the glycogen stores become crammed to capacity, which is limited. Further 
quantities can be stored only after transformation to fat, which can be piled 
up in the body to an unlimited extent. Grafe (72) actually obtained respira- 
tory quotients above 1.30 in animals overfed with exclusively carbohydrate 
foods. The energy necessary for the chemical reactions involved in the con- 
version of sugar to fat requires combustion of a large amount of the sugar. 
This transformation is, therefore, a wasteful procedure compared \\ ith con- 
densation of glucose into glycogen, which can be accomplished with almost no 
loss of energy. 
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P Conversion of carbohydrate to fat greatly in excess of the carbohydrate 
and fat burned rarely occurs in the normal metabolism of man. After ingestion 
of 50 to 100 grams of glucose the nonprotein R.Q. ordinarily rises from 0.80 to 
0.85, the usual postabsorptive range, to 0.90 to 1.00. The heat produced by 
the body also increases several per cent These changes of metabolism do not 
begin until 30 minutes or more after the glucose has been taken, frequently not 
until the blood sugar has reached its peak r and has begun to descend. They 
may continue for some time after the hyperglycemia has disappeared. The 
R.Q. of 0.90 to 1.00 per se indicates the net combustion of much more carbo- 
hydrate than fat, not the deposition of any carbohydrate in the form of fat. 
Higgins (87) found that after sucrose and fructose maximum R.Q.’s regularly 
exceeded 1.00. This lias been confirmed by other observers (30, 55). Cath- 
cart and Markowitz (30) showed that respiratoiy quotients rose higher also 
alter dihydroxyacetone than alter glucose. Since it was known that fructose 
could not be burned as readily as glucose and that dihydroxyacetone was burned 
more slowly than either, the high respiratory quotients which followed their ' 
ingestion were interpreted as evidences that fructose and dihydrotyacetone had 
a special tendency to form fat. Campbell, Maltby and Soskin (28, 29) and 
others, however, subsequently proved that ingestion of these substances or of 
sucrose, which contains fructose, results in the rapid formation of lactic acid. 
The high respiratory quotients after fructose, sucrose and dihydroxyacetone, 
therefore, denote, not the conversion of carbohydrate to fat, but the liberation 
of COj from bicarbonate by lactic acid. In some of the experiments of Camp- 
bell, Maltby and Soskin sufficient acid was produced to lower the plasma C0 2 
10 volumes per cent. No such production of lactic acid and reduction of bi- 
carbonate have been observed after glucose, maltose, lactose, galactose and 
glycerine. 

THE r6lE or GLYCOGEN 

To Claude Bernard (13) physiology owes the discovery of glycogen or “animal 
starch,” and its function as a form of stored energy. 

Glycogen os storage carbohydrate. Like starch, glycogen is an anhydride 
polymer of glucose, having the general formula (CeHi e Ot)». The anhydro- 
glucose units are joined together by a-glucosidic linkages between the first 
and fourth contiguous carbon atoms (85). The number of units in each mole- 
cule is probably of the order of magnitude of 12 (83, 85).* The minimum molecu- 
lar weight of glycogen is, therefore, in the neighborhood of 2000. This peculiarity 
adapts it to its r61e as a form in which carbohydrate may be stored in cells 
when it is immediately available. Because of its large molecular size it can 

i Bacon, Baldwin and Bell (3) found that the glycogen deposited in the fixers of rabbits 
after administration of either fructose or glucose was composed of 12-carbon chains; but after 
sucrose glycogen with 18-carbon chains was deposited. 
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not escape by diffusion through the cellular membrane and exerts an almost 
negligible osmotic pressure. By converting glucose to glycogen the cell is 
enabled to hold at least 12 times as much sugar as it otherwise could with 
the same amount of water. 

Glycogen is the main carbohydrate of the tissues, as glucose is of the blood 
and body fluids. The latter, being freely diffusible and susceptible of trans- 
formation into all other essential forms of carbohydrate, is an ideal medium 
for transportation. Under ordinary conditions the body probably contains 
far more glycogen than glucose. The glucose in the body of a 70 kilogram man 
in the post-absorptive state amounts to about 30 grams, while the glycogen 
may be 300 grams or more. 

Traces of glycogen or a glycogen-like polysaccharide have been detected 
in the blood by a number of observers (14, 125). Unshelm (186) found from 
5 to 6 milligrams per cent in normal whole blood, confined almost entirely to 
the cellular elements. Its concentration varied with the number of leucocytes 
in the blood. That the leucocytes should contain glycogen is appropriate since 
they presumably resemble tissue cells in their metabolism of carbohydrate. 
Erythrocytes, on the other hand, utilize glucose, not glycogen, and have no 
oxidative cycle. Their carbohydrate metabolism, even in the presence of 
oxygen is, therefore, limited to the formation of lactic acid from glucose. 

Glycogen is found in all cellular tissues, but is most abundant in the liter, 
where it varies widely according to the rate at which exogenous carbohydrate 
is provided and the speed with which glucose is consumed. Some hours after 
a heavy feeding of carbohydrate it may, in dogs, reach 10 to 15 per cent of the 
weight of fresh liver, while fasting may reduce it to a fraction of 1 per cent. 
In fragments of normal livers taken at operation from patients under spinal 
anesthesia who had received 200 grams of glucose in the preceding 12 hours, 
McIntyre, Pedersen and Haddock; (119) found 3.2 to 7.6 (average 5.0) grams 
of glycogen per 100 grams of liver. Liver glycogen serves as a reserve supply 
of carbohydrate, readily available for all the tissues in the body. In time of 
plenty a full supply can be piled up in a few hours; in time of need it can be used 
tip with equal speed. 

Muscle glycogen (and this is probably true of glycogen in other extra-hepatic 
tissues) is chemically indistinguishable from liver glycogen (201) and, like the 
latter, fluctuates with the state of nutrition, but not so greatly as liver glycogen 
does. The latter appears to serve a general ministrative function to all the 
tissues of the body. Whenever carbohydrate is required for combustion in 
any tissue or organ, liver glycogen meets the call. Glycogen in muscle, on the 
other hand, is reserved for local use. *1716 muscles store glycogen after feeding, 
but not, like the liver, in amounts so far in excess of their immediate require- 
ments. Mann (129) fqund that when the liver of a dog was excised, the con- 
centration of sugar in the blood, if the animal was not fed, fell in a few hours 
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lo 40 to SO milligrams per cent (the concentration of glucose itself approached 
the vanishing point), when convulsions similar to those of insulin hypoglycemia 
resulted. Muscle glycogen at this time was not greatly reduced. The con- 
vulsions were relieved by administration of glucose. Evidently glycogen of 
muscle can not be made directly available to maintain the blood sugar even 
when it is desperately needed for this purpose. The reaction glucose — > glyco- 
gen appears not to be reversible in muscle as it is in liver. Therefore muscle 
glycogen can contribute to blood sugar only by the circuitous route, muscle 
glycogen — * blood lactic acid — » liver glycogen —* blood glucose. This is 
blocked by removal of the liver. 

The glycogen of heart muscle, peculiarly enough, increases when an animal is 
starved (126). This is only one of a number of anomalous features in the carbo- 
hydrate metabolism of this organ. Himwich, Koskoff and Nahum (89) and 
Evans and his associates (67) have shown that the heart during activity does 
not give off lactic acid as skeletal muscle does; in fact it withdraws Jactafe 
from the blood. These and other differentiated reactions of the heart that 
will be mentioned later provide special protection for this vital organ. 

Brain and testicular tissue arc also highly differentiated with respect to the 
utilization of carbohydrate. The former is known to contain glycogen (98). 
Both appear to have respirator}’ quotients of 1.00 under all circumstances, 
indicating that they burn nothing but carbohydrate or carbohydrate deriva- 
tives (91, 92). 

The kidneys. Evidence has been accumulated that the kidneys are able to 
form glucose, not only from carbohydrate intermediaries such as lactic and 
pyruvic acids, but also from amino acids. Russell and Wilhelmi (162) found 
that carbohydrate was formed by kidney slices from succinate, pyruvate, a- 
ketoglutarate, alanine and glutamic acid. Shipley (171) observed that glucose 
was produced more rapidly by kidney si ices 4 incubated in serum than it was by 
liver slices in the same medium. Russell (161) and Reinecke (154) have 
reported that the blood sugar falls more rapidly in animals that are both 
nephrectomizcd and eviscerated than it docs in eviscerated animals with intact 
kidneys. Roberts and Samuels (158) found that the concentration of glucose 
was greater in blood from the renaf vein than it was m. the arterial" fiibocf of 
fasted eviscerated rats. The difference, which averaged 18 milligrams per cent, 
was not found in intact rats nor in eviscerated rats that had been fed. Since 
the concentration of blood amino acids was not altered, (he authors suggest 
that the glucose must haw originated from other sources. The absence of 
arterial-venous differences in fed eviscerated animals and normal animals raises 
the question whether under normal circumstances the kidneys do supply glucose 
to the blood. Nevertheless, the assumption that the liver is the only organ 
capable of contributing glucose to the circulation may have to be modified. 

In this, as in other respects, the kidneys appear to perform in a smaller degree 
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It is highly probable that further investigation will disclose other differences 
in the behavior of specialized organs and tissues towards carbohydrate. Chief 
attention in this chapter, however, will have to be directed to the muscles, 
because their reactions have been most intensively studied and because they 
constitute the largest single mass of actively and variably functioning tissue 
and, therefore, have the greatest influence upon the net metabolism of animals. 
On the whole, the differences in the metabolic processes of various tissues at 
this stage in the development of knowledge have, in most instances, less sig- 
nificance than the properties which they share in common. 

Sources of glycogen formation. Glycogen is apparently formed in siln in each 
tissue by reactions that have been indicated above. The material for its 
construction is absorbed by the tissue from the blood. Most tissues other than 
liver and kidney can, apparently, form glycogen only from glucose, which may 
be derived from the food or from hydrolyzed liver glycogen . Some, like cardiac 
muscle, appear to be able to utilize lactic acid for this purpose. Skeletal muscle 
was also credited with this power; but recent investigations suggest that mam- 
malian skeletal muscles have little or no capacity to use lactic acid. 

The ability of a given compound to form liver glycogen can frequently be 
determined by direct analysis of the liver for glycogen after administration 
of the compound. In certain instances this is not a practicable procedure so 
recourse must be had to indirect methods. Since substances that can not be 
utilized directly by the muscles to form glycogen can presumably be converted 
to glucose only after preliminary conversion to glycogen in the liver, it may be 
inferred that all substances which increase the urinary excretion of sugar in the 
diabetic animal or diminish ketonemia in the normal animal can be used to 
form liver glycogen. On the basis of evidence derived by one or more of these 
methods it has been demonstrated that not only glucose and lactic acid, but a 
number of other monosaccharides and intermediary products of carbohydrate 
metabolism, other organic compounds, glycerol, and odd chain fatty acids and 
several amino acids can be utilized by the liver for the formation of glycogen. 
In table 8 are listed the more important of these compounds, with the exception 
of the amino acids, which can be found in the chapter on Amino Acids. 

Formation of glycogen from fat. It has been demonstrated repeatedly that 
glycerol, administered as such, can be used by the liver to form glycogen. It 
has, therefore, been reasonably assumed that glycerol derived from /at could 
be utilized in a similar manner. Direct evidence to this effect has been adduced 
by Deuel and associates (56). They found that the liver glycogen of rats in- 
creased slightly after administration of triglycerides of acetic, butyric, caproic 
and caprylic acids. They estimated that the increments of glycogen could be 
accounted for by the glycerol in these compounds. The quantifies of glycogen 
were far smaller than those formed after administration of triglycerides of the 
corresponding odd-carbon fatty acids, propionic, valeric and heptylic, which 
were themselves convertible to glycogen. No glycogenesis could be demon- 



140 


CARBOHYDRATE 


strated after trilaurin, Wesson oil, cottonseed oil, peanut oil and linseed oil; 
but extra glycogen was found after coconut oil and butter fat. The authors 
concluded that the natural fats that can be stored in their native state are 
stored and, therefore, do not yield glycerol; but those that can not be stored, 
especially those with short-cham fatty acids, are broken down. The glycerol 
derived from them is converted to glycogen; the fatty acids are or are not used 
for the same purpose, depending upon their conformation. It may be inferred 


TABLE 8 

Chemical Compound a that Can Be Converted to Glycogen 


CCWOTOO 

AOTHOM 

ummx 

Glucose 



Fructose 



Galactose . . . , 



Mannose 

Harding, Nicholson and Armstrong 

(80) 

Sorbose . , 

Grieshaber 

(76) 

d- xylose . ... 

Marble and Strieck 

(130) 

d-iylulose 

Larson, Chambers, Blathcnrick et al 

(107) 

Lactic acid. .. 

Cori and Cori 

(45) 

Glycerol 

Chambers and Deuel 

(34) 

Dibydrosyacetone . 

Cori and Cori 

(44) 

Pyruvic add .. .... 

Shapiro 

(170) 

Citric acid 

Mac Kay, Came and Wick 

(122) 

Succinic add 

StOhr 

(179) 

Monylic add 

Deuel, Butts, Hallman and Cutler 

(57) 

Ileptoic acid 

Deuel, Butts, Hallman and Cutler 

(57) 

Valeric add 

Deuel, Butts, Hallman and Cutler 

(57) 

Butyric add. . . ... 

Buchanan, Hastings and Nesbett 

(24) 

Propionic add 

Buchanan, Hastings and Nesbett 

(24) 


Deuel, Butts, Hallman and Cutler 

(57) 

Acetic add*. . . .... 

Buchanan, Hastings and Nesbett 

(24) 


* It has been claimed that aceUc acid can form glj cogen. Buchanan, Hastings and Nes- 
bett (24) could find no evidence of such a conversion by means of isotopic acetic add. If 
accuc acid is formed in the oxidation of carbohydrate, the reaction appears to be irreversible. 


that when the common long-chain acids are used for fuel the glycerol is also 
utilized through the channels of carbohydrate metabolism. 

Evidence has continued to accumulate that the fatty acid fraction of fats 
can not be converted to carbohydrate. The short-drain odd-carbon acids are 
an exception of no importance. Long-chain odd-carbon adds, which might 
presumably form, glycogen, play an insignificant part in the normal dietary; 
in addition they are relatively insoluble and imperfectly absorbed. By the 
techniques which enabled them to demonstrate glycogenesis from short odd- 
carbon fatty acids, Deuel et al(57) could detect no formation of glycogen after 
either short or long even-carbon fatty acids. 
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Formation of glycogen from prokin {the G:N ratio). Starvation alone does 
not entirely exhaust the glycogen stores of the body and may not lower the 
blood sugar below the range of normal variation because glucose is produced 
from the proteins of tissues. Early evidence for the glycogenic nature of pro- 
terns is found in experiments of Reilly, Nolan and Lusk (118) and Janney (94, 
95) on dogs which had received so much phlorizin that they excreted in the 
urine glucose from all sources. When such animals were fasted until the liver 
glycogen was practically exhausted they excreted in the urine for each gram 
of nitrogen about 3.6 grams of glucose, all of which must have originated from 
tissue (95). If 1 gram of urinary nitrogen is formed by the metabolism of 6.25 
grams of tissue protein, 3.6/6.25 X 100 or 58 grams of glucose are derived from 
every 100 grams of protein. The ratio glucose: nitrogen in the urine is com- 
monly referred to in the literature as the G:N ratio (sometimes written D:N 
for dextrose :ni trogen). 

That the amount of glucose formed varies with different proteins was demon- 
strated by Janney (94). These differences depend on the fact that only certain 
of the amino acids»yielded by protein form glucose in the body (54) and that 
the relative amounts of these amino adds in different proteins vary widely. 
A list of the amino acids which form glycogen will be found in the chapter on 
Amino Acids, p. 731 . 

Although the G:N ratio of 3.6 or 3.65 reported by Lusk and Janney was 
widely accepted and used for the calculation of glucose derived from protein in 
metabolism experiments, it is doubtful whether it has the precise significance 
which has been attached to it. For some unknown reason, as Minkowski in 
his classical paper (140), Chambers and Coiyllos (33), and others have shown, 
the G:N ratio of depancreatized dogs seldom exceeds 2.8: 1. It is not entirely 
satisfactory to conclude that the depancreatized dog is not as diabetic as tbe 
phlorizinized animal. The inability to utilize preformed carbohydrate should 
be greater in the depancreatized animal which is unable to oxidize carbohydrate 
than in the phlorizinized animal which is merely unable to retain glucose in the 
body. The 3.6 to 3.65 ratios of Lusk were the maximum ratios obtained with 
reasonable consistency from phlorizinized dogs and were, for this reason, 
accepted as true G:N ratios on the assumption that the sugar in the urine of 
the fasting animal is entirely derived from protein, and therefore the highest 
obtainable G:N ratio must most closely approximate the greatest amount of 
glucose which can be formed from protein. Others have found lower ratios 
even in apparently completely phlorizinized dogs. 

It has been frequently suggested that the variability of G:N ratios in appar- 
ently totally diabetic animals is evidence that carbohydrate is formed from 
fat as well as protein. By injecting epinephrine into depancreatized dogs that 
had been fasted 3 or 4 days Chaikoff and Weber (32) were able to increase the 
urinary glucose, without significant increase of nitrogen excretion, by amounts 
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which, they claimed exceeded the total glucose which could have been produced 
from all the glycogen in the body, the protein destroyed and the glycerol of the 
fat which was burned. GtN ratios in these experiments rose to extraordinary 
heights (c.g., to 12 or even 20). Chaikoff (31) obtained higher G : N ratios from 
well-nourished tlrnn from lean fasted dcpancreatizcd dogs. Boothby, Wilhelm j 
and Wilson (20), in answer to this challenge, claim that in phlorizinized dogs, 
when proper precautions are taken, the amount of glucose accounted for by 
oxidation and excretion in the urine will not exceed the amount given. The 
extra glucose found in the urine by Chaikoff, they believe, was derived from 
the sweeping out of previously stored carbohydrate. In support of this claim 
they present certain experiments. The evidence secured by respiratory me- 
tabolism and other methods, moreover, does not support the theory that fatty 
acids arc converted to carbohydrate in the body. 

There can be no doubt, as Shaffer (166) pointed out, that part of the glucose 
excreted by the glycogen-frec phlorizinized animal is derived from the glycerol 
of fats burned simultaneously with the protein of the tissues. Although only 
about one-tenth of the weight of fat is glycerol, Shaffer believes this would 
affect the G:N ratio significantly. He estimates that if the glucose formed 
from glvcerol were subtracted, the residual G:N ratio, representing glucose 
and nitrogen of purely protein origin, in Lusk's experiments, would be reduced 
from 3.6 to about 3.1, indicating that 48 rather than 58 grams of glucose is 
formed from 100 grams of tissue protein. This must, of course, be considered 
as only an approximate estimation. It is highly probable that other figures, 
including the original calculations of Lusk, must be interpreted with the same 
reserve. 

The application of the same factors to the calculation of human metabolism 
experiments involves the assumption that species do not differ w ith respect to 
intermediary metabolic processes. G:N ratios of 3.6 have been observed by 
Mandel and Lusk (128), Allen and DuBois (1) and others in diabetic human 
beings. In some instances G:N ratios even greater than 3.6 have been re- 
ported, when there was every reason to believe that endogenous carbohydrate 
stores had been exhausted (1). 

Exact definition of the value of the G:N ratio in humans would be most 
desirable, because it is so important for the estimation of the available carbo- 
hydrate in diets. At the present time, however, only a rough approximation 
is possible. It can be stated with reasonable certainty that the formula com- 
monly used for the calculation of the total grams of glucose derived from a 
mixed diet, carbohydrate + 0.58 protein, exaggerates the protein fraction. 
The formula proposed by Shaffer, carbohydrate + 0.48 protein + 0.1 fat, is 
probably more in keeping with the facts because it gives due credit to fat; 
but the accuracy of the factor for protein is quite uncertain. 
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The fact that liverless dogs suffer in a few hours from hypoglycemic con- 
vulsions (129) indicates that formation of glucose from protein is localized in or 
dependent upon the liver. Otherwise there would be no more reason for the 
development of hypoglycemic collapse in these dogs than in animals freed of 
liver glycogen by exercise and then deprived of carbohydrate food. 

Since, in starvation, glycogenesis proceeds (see below), the formation of 
carbohydrate from protein is not an abnormal process, confined to the diabetic 
animal, but a normal path for the metabolism of proteins. 

The rale of formation of glycogen from glucose and other sugars. There can 
be little doubt that the formation of glycogen in the liver varies with the 
glycogenic materials upon which the organ has to work. However, the rate 
of glycogenesis can not be estimated merely from the quantities of glycogen 
found in the liver at a given interval after the administration of a given amount 
of sugar, because the glycogen in the liver is not determined by the rate of glyco- 
genesis alone, but by the relative rates of glycogenesis and glycogenolysis. 
When sugars are given by mouth the relative rates at which they are absorbed 
is also important. Failure to recognize the influence of these factors is proba- 
bly responsible for the conflicting observations and contradictory statements 
in the literature dealing with this subject. 

Murschhauser (143), for example, found that, if the increase of liver glycogen 
caused in 8 hours by feeding 50 grams of glucose to dogs was rated as 100, 
the other sugars ranked relatively as follows: levulose 65, sucrose 58, maltose 
16, galactose 13, lactose 6. From this the conclusion was drawn that galactose 
and lactose are poor glycogen formers. It is reasonably certain that by the 
end of 8 hours the whole of all the sugars fed had been absorbed and disposed of. 
Since galactose can be utilized only after preliminary conversion to glycogen 
by the liver, all the galactose and half the lactose must have formed glycogen, 
whereas part or all of the remaining sugars may have been utilized directly for 
combustion by the tissues. The proper inference from these experiments, then, 
is not that galactose formed glycogen slowly but that, for some reason, it 
accelerated the breakdown of liver glycogen. A somewhat similar phenomenon 
is evident in experiments by Cori (4t). He found far more glycogen in the 
livers of rats 4 hours after feeding fructose than he did after glucose, and least 
of all after galactose. The differences between glucose and fructose may be 
attributed to the slower absorption of the latter and the fact that little of the 
fructose can be utilized without preliminary conversion to hepatic glycogen. 
Galactose, however, is absorbed more rapidly than either glucose or fructose 
and must be entirely converted to liver glycogen. The influence of the time 
interval in experiments of this nature must not be neglected. The speed w ith 
which galactose can be utilized is illustrated by experiments of Harding, Grant 
and Glaister (79). They sacrificed and analyzed rats one hour after the an i- 
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roals had received galactose by stomach tube. After this short interval all 
the sugar had been absorbed, small amounts were found in the urine and tissues, 
but almost all had been already converted to glycogen. 

The rate of glycogen formation is not dependent only upon the nature of the 
glycogenic material, but also upon the condition of the animal when these 
materials are ingested. Deuel, MacKay, et al. (59) found that after 48 hours 
of starvation rats formed glycogen more rapidly from glucose than from galac- 
tose; but under ordinary dietary conditions the relative efficiency of the sugars 
was reversed. The starved rats could dispose of the glucose only by hepatic 
glycogenesis, because starvation had aljolisbed their capacity to oxidize carbo- 
hydrate. The fed rats, on the other hand, presumably diverted some of the 
glucose from the liver for direct oxidation by the tissues, while all the galactose 
was obliged to be converted first to liver glycogen. These experiments suggest 
that it is inherently easier for the liver to form glycogen from glucose than from 
galactose. 

Expenditure of glycogen. Die utilization of carbohydrate in the normal 
fed animal appears to be correlated with the quantities of glycogen in the liver 
(22). The usual physiological conditions which deplete liver glycogen are 
starvation, exercise and cold. Starvation alone may reduce the liver glycogen 
to less than 1 per cent, but never causes its complete disappearance (126) be- 
cause, when the exogenous supply of carbohydrate is cut off, tissue proteins 
arc utilized to form glycogen. Vigorous exercise, by accelerating the com- 
bustion of carbohydrate, can, in a few hours, reduce the liver glycogen of even 
a well nourished animal to a mere trace (105). Ktilz (106) found that the liver 
glycogen of a dog disappeared almost completely if the animal was exposed to 
prolonged and severe chilling. 

Pancreatectomy and phlorizin poisoning alike exhaust the glycogen in both 
muscles and liver (117, 140). The failure of glycogen to accumulate in the 
livers of diabetic animals after feeding was interpreted by Minkowski (140) as 
proof that the internal secretion of the pancreas was necessary for glycogenesis. 
This opinion gained strength when it was demonstrated that administration 
of insulin enabled the depancreatized dog to build up and maintain its stores 
of liver glycogen (4). Such an interpretation, however, fails to recognize all 
the facts. Phlorizin appears to act solely by preventing the reabsorption of 
glucose by the renal tubular cells, thereby diverting carbohydrate from the 
tissues into the urine. Nevertheless in the intact animal it depletes liver 
glycogen quite as much as does removal of the pancreas. Furthermore, the 
phenomena that follow either phlorizin poisoning or removal of the pancreas 
are quite incompatible with impaired glycogenesis. The diabetic animal 
converts every available substance into glucose, including the protein of its 
own tissues. Since most of these substances can not become glucose without 
preliminary conversion to glycogen by the liver, it is clear that glycogenesis, 
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instead of being retarded, must be greatly accelerated. Depletion of liver 
glycogen occurs, in spite of this, because glycogenolysis proceeds so much more 
rapidly that it outstrips glycogenesis. The glytogen of liver, therefore, appears 
to be broken down whenever glucose is required by the tissues. This need may 
arise either because the metabolism of carbohydrate is accelerated by increased 
activity or because the ability to oxidize carbohydrate is impaired or abolished. 

BIBLIOGRAPHY 

1. Allen, F. JI., and DuBois, E. F.: Clinical calorimetry. XVII. Metabolism and 

treatment in diabetes. Arch. Ini. hied., 1916, 17, 1010. 

2. Andrew, B. L. f Davidson, J, N., and Gassy, R. C.: The absorption of water from 

the colon oi the rat under urethane anaesthesia. J. Physiol., 1940, 98, 487. 

3. Bacon, J, S. D., Baldwin, E , and Bell, D. J.: Glycogen. 9. The magnitude of the 

‘unit chains' of liver glycogen of rabbits supplied with glucose, fructose and sucrose. 
Biochan. J., 1944, 38, 198. 

4. Basting, F. G , Best, C. H., Colup, J. B., Macleod, J. J. R., and Noble, E. C.: The 

effect of insulin on the percentage amounts of fat and glycogen in the liver and other 
organs of diabetic animals. Trans. Roy. Soc. Canada, 1922, 16 (Sect. V.), 39. 

5. Barker, S. B., Shoes, E , and Malam, 1L: Studies on the Pasteur reaction: effect of 

iodoacetic add on the carbohydrate metabolism of isolated mammalian tissues. 
J. Biol. Chan., 1939, 129, 33. 

6. B arris, R. W., and Ingram, W. R.: The effect of experimental hypothalamic lesions 

upon blood sugar. Am J. Physiol., 1936, 114, 5S5. 

7. Barron, E. S. G.- Mechanisms of carbohydrate metabolism. An essay on comparative 

biochemistry. Advances in Ensymology, 1943, 3, 149. New York, Intersdence 
Publishers. 

8. Barron, E. S. G., and Jacobs, H. R.: Oxidations produced by hemolytic streptococci. 

/. Bacl., 1938, 36, 433. 

9. Barron, E. S. G., and Lyman, C. M.: Studies on biological oxidations. XI. The 

metabolism of pyruvic add by animal tissues and bacteria. J. Biol. Chan., 1939, 
127, 143. 

10. Barron, E. S. G., Lyman, C. M., Liptqn, M. A., and Goldincer, J. M.: Studies on 

biological oxidations. XVI. The effect of thiamine on condensation reactions of 
pyruvate. J. Biol. Chan., 1941, 141, 957. 

11. Beck, L. V.: Organic phosphate and “fructose” in rat intestinal mucosa, as affected by 

glucose and by phlorhizin. /. Biol. Chan., 1942, 143, 403. 

12. Bergmark, G.: Untersuchungenueberdie Ausnutzung rektal und intravenos eingefuhr- 

ten Traubenzucker. Skand. Arch. Physiol., 1915, 32, 354. 

13. Bernard, C.: Critique expdrimentale sur la glycfimie. La glyclmie est le resuitat 

d'une fonction physiologique, eile prend sa source dans l’organisme et non dans 
l'aliraentation. Compl. rend. Acad. d. Sci., 1876, 83, 369. 

Critique exp€rimentale sur la glycSmie. La glycfmie a sa source dans la fonction 
glycogSnesique du foie. Compl. rend. Acad. d. Sci , 1876, 83, 407. 

Lejons sur le diabetes suerfi. Paris, 1877. 

Critique exp^rimeatale sur la glyc6mie. Des conditions physicoc him iques et physio- 
logiques i observer pour la recherche du sucre dans le sang. Com pi. raid. Acad. d. 
Sci., 1876, 82 , 1351. 

Des conditions physiologiques & remplier pour constater la presence du sucre dans le 
sang. Com pi. raid. A cad. d. Sci., 1876, 82, 1405. 



146 


CARBOHYDRATE 


14. Bfst, J, W.: Les sucres du sang. Chen t. Aht , 1919, 13, 2699. 

Arch physiol. Neerhttd , 1919, 3, 222. 

15. Blanco, J. G.: Sugar metabolism. Lactose, galactose and xylose. J. Biol. Chem 

1928, 79, 667. 

16. Blatherwick, N R., Bradshaw, P. J , Cdlusiohe, O. S , Ewinc, M. E, Lassos', 

II. \V., AND Sawyer, S. D ■ The metabolism of d xylose. J. Biol. CJfem., 1936, 
113, 405. 

17. Rlhrtrfc, M.: Ictimaxt urn! respiratorischer Quotient. BJlUttr's Archh, 1901, 85, 

315. 

18 Ho JAMAS', J. L., and Mann, F C.. The phjsiology of the liter. XIX. The utilization 

and fructose following complete removal of the liter. Am J. Physiol, 1931, 96, 
683. 

19 BollmAN, J. L., Manx, F. C., avd Macatji, T. U.: Studies of the physiology of the 

liter. III. Muscle glycogen following total removal of the liter. Am. J. Physiol., 
1925, 74. 238. 

20. IlooutBV, W. M , W iuieuiJ, C. M , avd Wilson-, H. E C.: The question of the oxida- 
tion of glucose in phlorhuin glycosuria. J. Biol. Chem., 1929, 83. 657. 

21 Bovfr, G E., and Stetien, I)j W, Jr.: Studies in carl >oh>drate metabolism. II. The 

glycogenic response to glucose anil lactate in the previously fasted rat. J. Biol. 
Chem . 1944, 155, 237. 

22 Bridge, E M. The correlation of the respiratory quotient to glycogen reserves. Johns 

Uopkint Uosp Bull , 1917, 61. 349. 

23. Bcchavav, J. M., Hastings, A. B., and Nesbf.tt, E. B.: Glycogen formation from 

pyruvate in t tiro in the presence of radioactive carlxjn dioxide. J. Biot. Client,, 

1942, 145. 715 

24. Be at AN AN, J M., Hastings, A. 1L, and Nesbett, F. B.: The r61e of carboxyl-labeled 

acetic, propionic, and liutync acids in liver glycogen formation. J. Biol. Chem., 

1943, ISO, 413. 

2$ Been AN AN, J M , Sakamt, W, Curjn, S , AVD Wirsov, D. W.: A study of the inter- 
mediates of acctoacctate oxidation tilth isotopic carbon. J. Biol. Chem., 1945, 
157. 747 

26 Bullock, L T, Gregfrsen, M. I., and Kinney, R.: The use of hypertonic sucrose 

solution intravenously to reduce cerebrospinal fluid pressure without a secondary 
use. Am. J. Physiol , 1935, 112. 82 

27 Bdrget, G. E , Moorf, P. II , and Lloyd, R. W : Absorption of glucose by chronic 

loops of colon. A m. J. Phystol., 1933, 105, 187. 

28 Campbell, W. R , and Maltby, E. J.: On the significance of respiratory quotients after 

administration of certain carbohydrates. J. Clin, lir.esl., 1928, 6, 303. 

29 Campbell, W. R , avd Soskin, S.: On the gaseous exchange follow mg the administration 

of dihj droxy acetone. J. Clin. Invest , 1928, 6, 291. 

30. Catiicart, E P, vnd 51 arkowttz, J. : The influence of various sugars on the respiratory 

quotient. A contribution to the significance of the R Q. /. Phy r lot., 1927, 63, 309. 

31. CuAiKOrr, I L Observations on the ketone body excretion, the dextrose to nitrogen 

ratios, and the glycogen content of liver and muscles of fasted, ilepancreatized dogs. 

J. Biol. Chem., 1927, 74, 203. 

32. Ciiaikoff, I. h , avd Weber, J. J.: The formation of sugar from fatty acids in the de- 

pancreattzed dog injected with epinephrine. J. Biol. Chem., 1928, 76, 813. 

33. Chambers, W. II., and Coryllos, P. N.: The blood sugar and urinary dextrose nitrogen 

ratio in the hours following pancreatectomy. Am. J. Physiol., 1926, 78, 270. 



34. Chambers, W. H., and Deuel, H. J., Jr.: Animal calorimetry. XXX. The metabolism 

o{ glycerol in phlorhizin diabetes. J. Biol. Chem., 1925, 65, 21. 

35. Colleks, W S., and Boas, L. C.: Absorption of dextrose by rectum. Arch. Ini. lied., 

1933, 52, 317. 

36. Colowick, S. P-: Synthetic mannose-l-phosphoric add and galactose-1 phosphoric add. 

J. Biol. Chem., 1938, 124, S57. 

37. Colowick, S. P., and Kalckar, H. M.: An activator of the hexokinase system. J. 

Biol. Chem , 1941, 137, 789. 

38. Colowick, S. P., Kalckar, H. M., and Com, C. F-: Glucose phosphorylation and 

oxidation in cell-free tissue extracts. J. Biol. Chem., 1941, 137, 343. 

39. Colowick, S. P-, and Sutherland, E. W.: Pol> saccharide synthesis from glucose by 

means of purified enzymes. J. Biol. Chem , 1942, 144, 423. 

40. Cori, C. F.: The fate of sugar in the animal body. I. The rate of absorption of bexoses 

and pentoses from the intestinal tract J. Biol. Chem., 1925, 66, 691. 

41. Cori, C. F.: The fate of sugar in the animal body. HI. The rate of glycogen formation 

in the liver of norma! and insulinized rats during absorption of glucose, fructose and 
galactose. J. Biol. Chem., 1926, 70, 577. 

42. CoRr, C. F , and Cort, G T. * Relation between absorption and utilization of galactose. 

Proe. Soe. Exp. Biol. Med , 1928, 25, 402. 

43. Cori, C. F , and Cori, G. T.: The rate of excretion of galactose. Proe. Soe. Exp. Biol. 

Med., 1928, 25, 406. 

44. Com, C. F., and Cori, G. T.: The fate of sugar in the animal body. VIII. The influ- 

ence of insulin on the utilization of glucose, fructose, and dihydroxyacetone. J. Biol. 
Chem., 1928, 76, 755 

45. Cori, C. F , and Cori, G T.: Gl> cogen formation in the liver from d- and /-lactic add. 

J. Biol. Chem., 1929, 81, 38 9. 

46. Com, G. T , Closs, J. 0., and Com, C. F.: Fermentable sugar in heart and skeletal 

muscle. /. Biol Chem., 1933, 103, 13. 

47. Cori, G. T., Colowick, S. P., and Com, C. F.: The enzymatic conversion of glucose l- 

phosphonc ester to 6-ester in tissue extracts. J. Biol. Chem., 1938, 124, 543. 

48. Cori, G. T., and Com, C. F.. Changes in hexosephosphate, glycogen, and lactic add 

during contraction and recovery of mammalian muscle. J. Biol. Chem., 1933, 99, 
493. 

49. Cori, G. T , and Com, C. F.: The kinetics of the enzymatic synthesis of glycogen from 

glucose-1 phosphate. J. Biol. Chem., 1940, 135, 733. 

50. Cost, G. T , Cori, C. F., and Schmidt, G.: The rfile of glucose-l-phosphate in the forma- 

tion of blood sugar and synthesis of gl>cogen in the liver. J. Biol. Chem., 1939, 129, 
629, 

51. Corley, R. C.: Factois in the metabolism of lactose. III. Galactose tolerance in the 

rabbit. The effect of the simultaneous enteral administration of dextrose and levu- 
lose on galactose tolerance in the rabbit. J. Biol. Chem., 1928, 76, 31. 

52. Corley, R. C.: Factors in the metabolism of lactose. IV. The disposal of lactose 

administered to the rabbit. /. Biol. Chem., 1929, 81, 541. 

53. Corley, R. C.. Studies on the metabolism of levulose with a colorimetric method for its 

determination in blood and unne. /. Bird. Chem., 1929, 81, 81. 

54. Dakin, II. D.: Studies on the intermediary metabolism of the amino adds. J. Biol. 

Chem., 1913, 14, 321. 

55. Deuel, H. J., Jr.: The respiratory mechanism following the administration of various 

carbohydrates. J. Biol. Chem n 1927, 75, 367. 



148 


CARBOHYDRATE 


56. Deuel, II. J,, Jr., Bra, J. S., Blunden, II., Cutler, G IL, and Knott, L.: Studies 

on ketosis. IX. Glycogen formation from various purified and natural fats. J. 
Bio!. Chart , 1937, 117, 119. 

57. Deuel, H. J., Jr., Butts, J. S., Hallman, L. I\, and Cutler, C. H.: Studies on ketosis. 

Vn. Quantitative studies on p oxidation. Glycogen formation from various fatty 
adds. J. Biol. Chon., 1935, 112, 15. 

58. Deuel, n. J., Jr,, Hallman, L. F., Murray, S., and Hilliard, J.: Studies on ketosis. 

XV. The comparative metabolism of d-mannosc and d-glucosc. J. Biol. Chtm., 
193 S, 125. 79. 

59. Deuel, H. J., Jr., MacKay, E. M., Jewel, F. W., Go lick, M., and Grunewald, C. F.: 

Studies on ketosis. III. The comparative glycogen formation and retention after 
the administration of glucose, galactose, and lactose. J. Biol. CAew, 1933, 101, 301. 
CO. Dickens, F.: Oxidation of phosphohexonate and pentose phosphoric adds by yeast 
enzymes. I, Oxidation ol phosphohexonate. II. Oxidation of pentose phosphoric 
acids. Biochon. J., 1938, 32, 1625. 

Yeast fermentation of pentose phosphoric adds. Ibid , 1645. 

61. Dickerson, V. C., Teiteriian, J., and Lose, C. N. II.. The rdle of the liver in the 

synthesis of fatty acids from carbohydrates. Yale J. Biol. If id , 1943, 15, 875. 

62. Drury, D. R., and Salter, W. T.‘ The elTect of glucose derivatives upon animals 

(rabbits) following hepalectomy. Am. J. Physiol., 1934, 107, 406. 

63. EbeUNO, W. W.s Absorption of dextrose from the colon. Arch. Surg , 1933, 26, 134. 

64. EcgLETON, M. G.i Diffusion of sugars into muscle. /. Physiol , 1935, 84, 59P. 

65. Encelhardt, W. A.: Enzymatic and mechanical properties of musde proteins. Yale 

J. Biol. Med., 1942, 15, 21. 

66. Evans, E. A., Jr , and Slotin, L.: The utilization of carbon dioxide in the synthesis 

of a-ketoglutaric add. J. Biol. Chan., 1940, 136, 301. 

67. Evans, C. L., deGra™, A. C., Kosaka, T., Mackenzie, K., Murphy, G. E , Vacek, T., 

Williams, D. II , and YtJUNC, F. G.: The utilization of blood sugar and lactate 
liy the heart-lung preparation. J. Physiol., 1933, 80, 21. 

68. Tay, M., and Wharton, F. S.: Galactose in the thoracic lymph of the dog. /. Biol. 

Chan., 1935, 109, 695. 

69. Fishberc, E. H., and Dolin, B. T.: The intermediate metabolism of foreign sugars. 

Arch. Int Med., 1930,46. 321. 

70. Fleioier, W. M., and Hopkins, I\ G : Lactic add in amphibian muscle. J. Physiol , 

1907, 35. 247. 

71. Flock, E. V., and Bollman, J. L.: Resynthesis of muscle glycogen after exercise. 

J. BM. Chan , 1940, 136, 469. 

72. Graze, E.: Die Wirkung einer Ltngeren ueberreichlichen Kohlenhydratkost ohne 

Eiwetss auf den Stoffvrechsel von Mensch und Tier. D. Arch. Min. Med , 1914, 
113, 1. 

75. Greks, A. A., Cosz, G. T., ksu Corl, G F.: Crystalline musde phosphorybse /. 
Bid Chan., 1942, 142, 447. 

74. Green, D. E.: Mechanisms ol biological oxidations. Cambridge, University Press, 

1940. 

75. Green, D. E., Westerpeld, W. W., Vfnnesland, B., and Knox, W. E.: Pyruvic and 

a-ketoglutaric carboxylases ol animal tissues. J . Bid. Chtm., 1941, 140, 683. 

76. Grieshaber, H: Beitrag zum Verhalten der Sorbose im StoffwechseL I. Die Resorp- 

tion und Ausscheidung der Sorbose und ihre Wirkung auf Blut- und Harnzueker 
Z, Min. Med , 1936, 129, 412. 

H. Die anliketogene Wirkung der Sorbose beim Diabetes mellitus. Ibid., 423. 



CHEMISTRY 


149 


77. Griffiths, J. P., and Waters, E. T.: The utilization of fructose in the mammalian or- 

ganism as shown by experiments on hepatectomized and eviscerated preparations. 
Am. J. Physiol., 1936, 117,34. 

78. Ghoen, J.: The absorption of hexoses from the upper part of the small intestine in man. 

J. Clin. Invest., 1937, 16, 245. 

79. Harding, V. J., Grant, G. A., and Glaister, D.: The metabolism of galactose. IT. 

The behaviour of the rat towards moderate amounts of galactose. Biochem. J., 
1934, 28, 257. 

80. Harding, V. J., Nicholson, T. F., and Armstrong, A. R.: Cutaneous blood-sugar 

curves after the administration of fructose, mannose and xylose. „ Biochem . J., 1933, 
27, 2035. 

81. Harding, V. J., and van Nostrand, F. H.: Variations in blood and urinary sugar after 

the ingestion of galactose. J. Biol. Chan., 1930, 85, 765. 

82. Harrison, D. C.: The product of the oxidation of glucose by glucose dehydrogenase. 

Biochem. /., 1932, 26, 1295. 

83. Hassid, W. Z., and Chaikotf, I. L.: The molecular structure of liver glycogen of the 

dog. J. Biol. Chem., 1938, 123, 755. 

84. Haworth, W. N.: The constitution of the sugars. London, Edwin Arnold and Co., 

1929. 

85. Haworth, W. N., and Perctval, E. G. V.: Polysaccharides. XI. Molecular structure 

of glycogen. Chem. Abstr., 1932, 26, 5921. J. Chem. Soc., 1932, 135, 2277. 

86. Hendrix, J. P., Westfall, B. B., and Richards, A. N.: Quantitative studies of the 

composition of glomerular unne. XIV. The glomerular excretion of inulin in frogs 
and Necturi. J. Biol. Chem., 1936, 116, 735. 

87. Higgins, H. L.: The rapidity with which alcohol and some sugars may serve as nutri- 

ment. Am. J. Physiol., 1916, 41, 258. 

88. Hjitwich, II. E., and Castle, \V. B.: Studies in the metabolism of muscle. I. The 

respiratory quotient of resting muscle. Am. J. Physiol., 1927, 83, 92. 

89. Hmmai, H. E , Koskoff, Y. D , and Nahum, L. H.: Studies in carbohydrate me- 

tabolism. I. A glucose-lactic acid cycle involving muscle and liver. J. Biol. 
Chem., 1930, 85, 571. 

90. Himwich, H. E., Loebel, R. O., and Bare, D. P.: Studies of the effect of exercise in 

diabetes. I. Changes in add-base equilibrium and their relation to the accumula- 
tion of lactic add and acetone. J. Biol. Chem , 1924, 59, 265. 

91. Hniwicn, H. E., and Nahum, L. H.: Respiratory quotient of the brain. Proc. Soc. 

Exp. Biol. Med., 1929, 26, 496. 

92. Hmwicn, H. E., and Nahum, L. H.: The respiratory' quotient of testicle. Am. J. 

Physiol., 1929, S3, £60. 

93. Hogan, A. G.: The parenteral utilization of dtsaccharide sugars. J. Biol. Chem., 1914, 

18, 485. 

94. Janney, N. W.: A note on the rate of metabolism of proteins and amino-adds. /. Biol. 

Chem., 1915, 22, 191. 

The metabolic relationships of the proteins to glucose. J. Biol. Chem., 1915, 20, 321. 

95. Janney, N. W., and Csonxa, F. A.: The metabolic relationship of the proteins to glu- 

cose. HI. Glucose formation from body proteins. J. Biol. Chem., 1915, 22, 203. 

96. Jollefje, N. f Shannon, J. A., and Smith, II. W.: The excretion of urine in the dog. 

HI. The use of non-metabolized sugars in the measurement of the glomerular fil- 
trate. Am. J. Physiol., 1932, 100, 301. 

97. Keith, N. M., Power, M. IL, and Peterson, R. D.: The renal excretion of sucrose, 

xylose, urea and inorganic sulphates in normal man: Comparison of simultaneous 
clearances. Am. J. Physiol., 1934, 108, 221. 



ISO 


CARBOHYDRATE 


9S. Kerb, S, E.: The carbohydrate metabolism of brain. VI. Isolation of glycogen. J. 
■ Bhl. Chan., 1938, 123, 443. 

99. Kjebplt-.Jei.sek, K.: Hexosc monophosphates formed inside the intestinal mucosa 
during the absorption of fructose, glucose and galactose. A eta Physiol. Stand , 
1942, 4, 225, cited from Chtm. Alslr., 1914, 38, 4300. 

The phosphate esters formed in the liver of rats and rabbits during the assimilation 
of hexoses and glycerol. Ibid* 219, dted from Chan. Abslr., 1944, 38, 4300. 

100. KmciromiR, K. A.: The effect of monoiodoacctic acid on the intestinal absorption 

of monosaccharides and sodium chloride. J. Biol. Chm., 1938, 126, 201. 

101. Kuxghopter, K. A.: The distribution of glucose between cells and serum: further 

experiments u ith high concentrations of glucose. A m. J. Physiol , 1940, 130, 89. 

102. Kosterutz, II. IV.: The presence of a galactose-phosphate in the livers of rabbits as- 

similating galactose. Biochan. J., 1937, 31, 2217. 

103. Krampitz, L. O., and Weekuav, C, IL: The enzymic decarboxylation of oxaloacetate. 

Biochan. /., 1941, 35, 595. 

1W. Krebs, IL A : The intermediary stages in the biological oxidation of carbohydrate. 
Advances in Ensymology, 1943, 3, 191. New York, Interscience Publishers. 

105. Kulz, E.: Ucbcr den Elnfluss Angestrengter KSrpcrbewegung au! den Glykogengehalt 

dcr Leber. PJlflgers A tchiv., 1881, 24, 41. 

106. Kixz, E : Ueber den Einfluss dcr Abkfihlung auf den Glykogengehalt PJlUgers Archiv., 

1881, 24, 46. 

107. Larson, II. \V., Chambers, W. II , Blathp rwick, N. K., Ewing, M. E., and Sawyer, 

S. D.: The metabolism of d- and 7-xylulose in the depancrea tired dog. J. Biol. 
Chan., 1939, 129, 701. 

108. Laszt, L., and Sullmaxn, 11.: Nachncis der Bildung von PhospborsSureestcm in der 

Darmschleimhaut bei der Resorption von Zuckem und Glycerin. Biochan. Z., 1935, 
278, 401. 

109. Lavietes, P. IL, Bourdillon, J., and KuNCaorTER, K. A.: The volume of the extra- 

cellular fluids of the body. J. Gin Invest , 1936, 15, 261. 

110. Leopold, J. S., and von Reusso, A.: Experimentelle Untersuchungen Qber Mflch- 

wckerausscheidung nach wiederholten subkutanen InjckUonen. Ilonalschr. f. 
Kinderh., 1909, 8. 1. 

111. Levene, P. A , and Blanco, J. G • Dibydroxyacetone and insulin hypoglycemia. /. 

Biol. Chm., 1928, 79. 657. 

112. Lip mann, r.- Fermentation of pbosphogluconic add. Nature, 1936, 138, 588. 

113. Lipuann, I\: An analysis of the pyruvic add oxidation system. Cold Spring Harbor 

Symposia on Quantitative Biology, 1939, 7, 248. 

114. Lipuann, F.- Metabolic generation and utilization of phosphate bond energy. Ad- 

vances in Enzymology, 1941, 1, 99. New York, Intcrerienee Publishers. 

115. Lohuann, K., AND SCHUSTER, P . Untersuchungen fiber die Cocarboxylasc Biachcm 

Z., 1937, 294, 183. 

116. Lundsgaard, E.: Untersuchungen fiber Muskelkontraktionen ohne Milchsaurebddung. 

Biochan. Z., 1930, 217, 162. 

117. Lusk, G.: Phlorhizinglykosurie. Ergcbn. d. Physiol., 1912, 12, 315- 

118. Lusk, G.: The sdence of nutrition. Third edition. W. B. Saunders, ’Philadelphia, 

1921. 

119. MacIntyre, D. S., Pedersen, S. r and Maddock, W. G.: Glycogen content of the 

human liver. Proc. Soc. Exp. Biol, hied., 1941, 47, 354. 

120. MacKay, E. M, and Bergman, IL C: The rate of absorption of glucose from the in- 

testinal tract. J. Biol. Chm., 1933, 101, 453. 



CHEMISTRY 


151 


121. MacKay, E. M., and Bergman, H. C.: The influence of the preceding diet upon the 

rate of glucose absorption and glycogen synthesis. J. Nutrition, 1933, 6, 515. 

122. MacKay, E. M., Cause, II. 0., and Wick, A. N.: Antiketogenic and glycogenic ac- 

tivity of citric add. J. Biol. Chan., 1910, 133, 59. 

123. MacKay, E. M-, and Clark, W. C,: The rate of glucose absorption from the intestine 

of the rat. Am. J. Physiol ^ 1941, 135, 187. 

124. MacKay, E. M., and Drury, D. R.: The storage of carbohydrate food. Am. J. 

Physiol, 1941, 132, 661. 

125. Macleod, J. J. R. Chemical evidence for the presence of glycogen-like polysaccharide 

in the liver blood of diabetic animals. Proc. Soc. Exp. Biot. Sled., 1917, 14, 124. 

126. Macleod, J. J. R., and Prexdergast, D. J.: Glycogen in the heart and skeletal musdes 

in starved and w ell fed animals. Trans. Roy. Soc. Canada, 1921, 15, (Sect. V), 37. 

127. Maddock, S. J., Trimble, H. C., asd Carey, B. \V., Jr.: Is d-glucose absorbed from 

the stomach of the dog? J. Biol. Chan., 1933, 103, 285. 

128. Mandel, A. R., AND LUSK, G.: Stoffwechselbeobachtungen an einem Falle von Dia- 

betes mellitus mit besonderer Berucksichtigung der Prognose. D. A rch. Klin. Med., 
1901,81,479. 

J29. Mann, F. C.; The liver in relation to carbohydrate metabolism. Trans. Assoc. Am. 
Physicians, 1925, 40, 362. 

Modified physiological processes following total removal of the liver. J. Am. ifed. 
Assoc., 1925, 85. 1472. 

Mann, F. C., and Magatu, T. B.: Studies in the physiology of the liver. II. The 
effect of the removal of the liver on the blood sugar level. Arch. Ini. Sled., 1922, 
30, 73. 

III. The effect of administration of glucose in the condition following total extirpation 
of the liver. Arch. Ini. Sled., 1922, 30, 171. 

IV. The effect of total removal of the hver after pancreatectomy on the blood sugar 
level. Arch. Int Sled., 1923, 31, 797. 

VII. The effect of insulin on the blood sugar following total and partial removal of 
the liver. Am. J. Physiol, 1923, 65, 403. 

130. Marble, A., AND Strieck, F.: Untersucbungen uber den Einfluss von Xylose auf den 

Gaswechsel. D. Arch. klin. Med., 1932, 173, 538. 

131. Makgaria, R., and Edwards, H. T.: The removal of lactic acid from the body during 

recovery from muscular exercise. Am. J. Physiol, 1934, 107, 681. 

132. Marc aria, R., Edwards, H.T., and Dill, D. B.: The possible mechanisms of con- 

tracting and paying the oxygen debt and the r<51e of lactic add in muscular con- 
traction. Am. J. Physiol., 1933, 106, 6S9. 

133. Markowitz, J., and Campbell, W. R.: The fate of dihydroxyacetone in the animal 

body. Am. J. Physiol, 1927, 80, S18. 

134. Wassrrmann, J. H.: Effects of the intravenous administration of hypertonic solutions 

of sucrose. With special reference to the cerebrospinal fluid pressure. Johns 
Hopkins Hasp. Bull., 1935, 57, 12. 

135. McCance, R. A., and Madders, K.: The comparative rates of absorption of sugars 

from the human intestine. Biochem. J., 1930, 24, 795. 

136. McDougaix, E. J.: The influence of blood-sugar concentration on the rate of absorption 

of sugar from the intestine. Chem. Abslr., 1935, 29, 3011. Magyar Biol. Kulati 
Inlfzel Munhdi, 1934, 7, 217. 

137. McDoL'GALL, E. J., and VerzAr, F.: Die Resorption von Wasser aus Kochsalz- and 

Zuckerlosungen. Arch. ges. Physiol., 1935, 236, 321. 



152 


CARBOHYDRATE 


138. McKealy, R. W., and Willems, J. D.: The absorption of dextrose from the coton. 

11. A study of the effects of chemical excitants and of stimulants on dextrose enema. 
Arch. Sttrg , 1931, 22. 649. 

139. Miller, M. M., and Lewis, II. It.; Pentose metabolism. I. The rate of absorption 

of d-xjlose and the formation o! gl> cogen in the organism ol the white rat after oral 
administration of rfxjlose. J. Biol. Chon , 1932, 98, 133. 

140. Minkowski, 0.: Untcrsuchungen ueLerdcn Diabetes melitus nach Pancreas-extirpation 

Arch. exp. Polh. Pharm., 1893, 31, 85. 

141. Morrison, J. L, Shay, II., Ravdin, I S, and Caiioon, R.: Absorption of glucose 

from the stomach of the dog Proc. Soc. Exp. Biol. Med., 1939, 41, 131. 

142 Murphy, I\ D , IItssilbesc, R. A., and Kays, A. M.: The effect ol intravenous injec- 
tions of sucrose solution (30%) on the cerebrospinal fluid pressure, the blood pres- 
sure and clinical course in cases of chronic hypertension. Am. J, Med. Set , 1936, 
192, 510. 

143. MukschhaL’SEB, II.: (Jber die Ausnutzung dcr verschicdenen Zuckerarten zur Gl>co- 

genbildung in dcr Leber. PfiUgcrt Arch, dcr Physiol , 1911, 139, 255. 

144. Nagasuyt, S Experimentelle Untcrsuchungen liber die Assimilation der L&vulose, 

Gaiaktose, und den Glj kogen bei Hunger und Eiw eissfcttdiit. J. Biochon. (Japan), 
1925, 5, 449. 

145. Necelein, E, and I3e6mel, If - IsoL'ening eines reversibcln Zn ischcnprodukts der 

Girung Btochem. Z , 1939, 301, 135. 

Cber die Entstehung von Glycerin bci dcr Garung Ibid., 1939, 303, 231. 

146 Nitzecu, I I.* Action des sucres en injections intraveineuscs sur la s6cr6tion du lait. 

Origines du lactose Com pi rend. soc. btol , 1925, 93, 1319. 

147. Non rn ur ft, II • Beitragc zum Stoffwechscl der Pentosen I, Pjh/gcrs Arch, get 
Physiol , 1936-37, 238. 567. 

148 Ochoa, S • "Coupling" of phosphorylation with oxidation of pyruvic add in brain. 
J. Biol Chon., 1941, 138. 751. 

149. Oppel, W. W.: Scbicksal der Fructose im tierisehen Organismus. II. Rufen die Ver- 

dauungsslfte cine Umwandlungder rmctoscin Glucose hervor? Biochem. Z., 1931, 
230. 269. 

150. Pauls, P , and Drury, D R.: The rate of glucose absorption from the intestine of 

diabetic rats Am. J. Physiol , 1942, 137, 242. 

151. Pieskow, W., and Wierzuciiowski, M.’ Mflabolisme dcs monohexoses injcctfa par 

voie intraveineuse i vitessc constante Glucose, fructose et galactose du sang 
Com pi rend soc. bio } , 1930, 103, 415 

152 Ravdin, I. S , Johnston, C G, and Morrison, F. J Comparison of concentration 
of glucose in the stomach and intestine after intragastnc administration. Proc. 
Soc Exp. Biol. Med , 1933, 30, 955 

153. Ravdin, I. S , Johnston, C. G., and Morrison, P J : The absorption of glucose from 

the intestine. Am J Physiol , 1933, 104, 700 

154. Reinecke, R. M : The kidney as a source of glucose in the eviscerated rat. Am. J 

Physiol , 1943, 140, 276. 

155 Reinhold, J G , and Karr, W. G : Ctfrbohjdrate utilization. II. Rate of disappear- 

ance of vanous carbohydrates from the "blood. /. Biol Client., 1927, 72, 345. 

156 Richardson, II B , Shorr, E, and Loebel, R. O : Tissue metabolism II The 

respiratory quotient of normal and diabetic tissue. J. Biol Chem., 1930, 86, 551. 
157. Rittenberc, D , and Bloch, K Some biological reactions of acetic add. J. Btol 
Chon , 1945, 157, 749. 



CHEMISTRY 


153 


158. Roberts, S., and Samuels, L. T.: Fasting and gluconeogenesis in the kidney of the 

eviscerated rat. Am, 3, Physiol., 1944, 142, 240. 

159. Roe, J. H., and Cowcnx, G. R.: The metabolic fate of galactose in adult dogs 

and rabbits. Am. J. Physiol., Ill, 530 (1935), 

160. Rosenthal, S. M.: Pancreatic function and upper intestinal digestion. A new method 

of study. Arch. Int. Med., 1928, 41, 867. 

161. Russell, J. A.: The anterior pituitary in the carbohydrate metabolism of the eviscerated 

rat. Am. J. Physiol , 1942, 136, 95. 

162. Russell, J. A., and Wilhelm, A. E. : Glyconeogenesis in kidney tissue of the adrenalcc- 

tomaed rat. J. Biol. Chem., 1941, 140, 747. 

163. Sacks, J., and Sacks, W. C.: The fundamental chemical changes in contracting mam- 

malian muscle. Am. J . Physiol , 1933, 105, 151. 

164. Sacks, J., and Sacks, W. C.T Carbohydrate changes during recovery from muscular 

contraction. Am. J. Physiol., 1935, 112, 565. 

165. Scott, E. L., and Zweighatt, J. F. B-: Blood sugar in man following the rectal ad- 

ministration of dextrose. Arch. Int. Med., 1932, 49, 221. 

166. Shatter, P. A.: Antiletogenesis. its mechanism and significance. Medicine, 1923, 2, 

375. 

167. Shannov, J. A.: The excretion of inulin by the dog. Am. J. Physiol , 1935, 112, 405. 

168. Shannon, J. A., and Fisher, S : The renal tubular reabsorption of glucose in the normal 

dog. Am. J . Physiol., 1938, 122, 765. 

169. Shannon, J. A., and Smith, H. W.: The excretion of inulin, xylose and urea by normal 

and phlorizmized man. /. Clin. Jmesl , 1935, 14, 393. 

170. Shapiro, 1.: Studies on ketosis. V. The comparative glycogenic and ketolytic action 

of glucose and some carbohydrate intermediates. J. Biel. Chem., 1935, 108, 373. 

171. Sihtley, R. A.. The metabolism of acetone bodies and glucose in vitro and the effect 

of anterior pituitary extract. Am. J. Physiol , 1944, 141, 662. 

172. Silberman, A. K., and Lewis, H. B.: Pentose metabolism. Ill, The rate of absorption 

of l-rhamnose and the formation of glycogen in the organism of the « hite rat after 
ora! administration of J-rhamnose. J. Biol. Chem., 1933, 101, 741. 

173 Silverman, M., and Werkman, C. IL: Function of vitamin B in anaerobic bacterial 
metabolism. Iosua State Coll. J. Sci., 1939, 13, 107, cited from Chem. Abstr., 1940, 
34, 127. 

174. Silverman, M., and Werkman, C. II.. The formation of acetylmethylcarbinol from 

pyruvic acid hy a bacterial enzyme preparation. J. Biol. Chem., 1941, 138, 35. 

175. Ssirm, \V. W., Finkelstein, N., and Smith, H. IV. • Renal excretion of hexitols (sor- 

bitol, mannitol, and duldtol) and their derivatives (sorbitan, isomannide, and sor- 
bide) and of endogenous creatinine-hke chromogen in dog and man. J. Bid. Chem., 
1940, 135, 231. 

176. Solomon, A. K., Vennesland, B., Klemperer, F. W., Bcchanan, J. M., and Hast- 

ings, A . B.: The participation of carbon dioxide in the carbohydrate cycle. J. Biol. 
Chem., 1941, 140, 171. 

177. Stetson, R. P., and Peters, J. P.: Blood sugar curves during recovery from diabetic 

acidosis. (Unpublished.) 

173. Stetten, DeIV., Jr., and Boxer, G. E.: Studies in carbohydrate metabolism. I. The 

rate of turnover of liver and carcass glycogen, studied with the aid of deuterium. 
J. Biol. Chem., 1944, 155, 231. 

179. Stour, R.: Notiz Ober Glykogenbildung aus Bemsteinsaure. Z. physiol. Chem., 1933, 

217, 153. 

180. Symposium on Respiratory Enzymes. Madison, Univ, of Wisconsin Press (1942). 



154 


CARBOHYDRATE 


181. SzENT-Gvfifccr, A.: Studies on biological oxidation and some of its catalysts New 

York, Stechcrt, 1937. 

182. Talbott, J. II., Coombs, F. S., Covsola/io, W. V., a\d I’ecora, L. J,: Respiratory 

exchange during high carbohydrate ingestion. Am. J. Physiol., 1938, 124, 24(5. 

183. Trimble, II. C., Carey, B. W., Jr , and Maddock, S. J.: The rale of absorption of 

glucose from the gastrointestinal tract of the dog. /. Biol. Chem., 1933, 100, 12S. 

184. Trimble, II. C., AND Maddock, S. J.. The rate of absorption of glucose from the intes- 

tine of the dog J. Bid Chem., 1934, 107, 133 

185. Tuerkischfr, E, and Webtheimfr, E.: Glycogen and adipose tissue J. Physiol., 

1942, 100, 385. 

186. UnShelu, H : Uber das Glykogen im Biut des Menschen. Z. its. exp. Med , 1935, 96, 

129. 

187. Van Brugcen, J. T., Reitjtel, T. J , Caw, C. K , Katzman, P. A , Doisy, E A., More, 

R.D., Roberts, E.C., Gaby, \V.L., Homan, I) M , and Jones, L. R. Penicillin B: 
Preparation, purification, and mode of action. J. Biol Chem , 1913, 148, 365. 

18S. Vfnnesland, B , Solomon, A. K., Buchanan, J M , Cramer, R D , and Hastings, 
A B. • Metabolism of lactic acid containing radioactive carbon in the a or (I position. 
/. Bid. Chem , 1942, 142, 371. 

189. Vennesiand, B., Solomon, A. K , Bociianan, j M , and Hastings, A B : Glycogen 

formation from glucose in the presence of radioactive carbon dioxide. J. Biol. 
Chem., 1942, 142, 379. 

190. VfrzXr, F , AND StiLLUANN, II Die Bildung von Phosphorsiiueestem in dor Darm- 

schiombant bcl del Rtsorption Btothan Z , 1937, 289, 323. 

191. VerzAr, F , and Wrez, II.: Weitere Untersuchungen fiber die Bedingungen der selek- 

liven Glucose resorption Btochem. Z , 1937, 292, 174 

192. Wakeman, A. M , and Morrell, C. A.- Chemistry and metabolism in experimental 

yellow fever in Macacus Rhesus monkeys. Ill Blood sugar and liver glycogen. 
Arch. Int Med., 1931, 47. 104. 

IV. Tolerance tests for dextrose. Ibid , 1931, 48. 301. 

193- Warburg, O , avd CireisnAN, \W Optischer Nachweis der Hydrierung und Dehydri- 
erung des Pyridins im Gafungs-Co rerment. Eiochem. Z , 1936, 286, 81. 

194. Warburg, O , and Christian, \V • IsoUerung der prosthctischen Grappe det d-Anuno- 

sHureoxydasc. Biochem Z , 1938, 298, 150 

195. Weinhouse, S., Medes, G , and Floyd, N. E.i Tatty arid metabolism. Ill Reac- 

tions of carboxyl labeled acetic add in liscr and kidney. J. Biol. Chem , 1945, IS8. 
411. 

196. Werkman, C. H, and Wood, II G-: Heterotrophic assimilation of carbon dioxide 

A dvanecs in Enxymohgy, 1912, 2, 135. New York, Intersrience Publishers. 

197. Westexbwne, H G K : fiber die Beathungcn zvoschen der Geschwindigkeit der 

Glucoseresorption, dem KOrpergcnicht, der Korperoberflache, dera Darm gen icht 
und dem. Gehalt an Darmpbosphatase bei der U eissen Ratte und fiber einen Vet-such 
zur Beeinflussung des Darrophosphatasegchaltes durch die Zusammenstellung der 
Nahrung. Arch Klerlond. Physiol , 1936, 21, 18. 

198. Westenbrinv, H. G. K Uber die Spczifitit der Resorption eioiger Monosen aus dem 

Darme der Ratte und der Taube Ibid , 433. 

199. WiERZuenowsKr, M.: The limiting rate o! assimilation of glucose introduced intra- 

venously at constant speed in the resting dog J - Physiol , 1936, 87, 31 1- 

200. Whbrandt, W , and Laszt, L ■ Untereuchungen fiber die Utsachen der setekliven 

Resorption der Zucker aus dem Darm. Biochem. Z , 1933, 259, 398. 

201. Young, F. G.: Observations on the chemistry of muscle glycogen Biochem 1937, 

31, 711. 



Chapter ITT 


PHYSIOLOGY 

GLUCOSE AND ITS RdLE 

Glucose may be regarded as the transport form of carbohydrate, the uni- 
versal medium of exchange. It may be used by either liver or tissues to form 
glycogen, by the mammary gland to form lactose, etc. It is presumably from 
glucose or its derivatives that other forms of carbohydrate that occur in various 
compounds in the body are elaborated: d-ribose of nucleotides, fructose of 
hexose phosphates, galactose of cerebrosides, etc. It follows that the concen- 
tration of glucose in the blood must be the resultant of a great number of fac- 
tors and can only be interpreted with due consideration of the total state of 
carbohydrate metabolism at the instant when it is measured. 

■ The distribution of glucose 

The distribution of glucose in the blood. In the blood of man it appears to be 
established that, in all concentrations encountered in health and disease, glu- 
cose is distributed uniformly throughout the water of cells and serum (394, 
395, 637). Failure to recognize this earlier can be attributed to several factors, 
chief of which are: improper methods of estimating cell volume and cell water; 
failure to recognize the presence of reducing substances other* than glucose in 
blood, and especially in the blood cells; failure to take proper precautions 
against spontaneous glycolysis. Not only is the native glucose of blood evenly 
distributed throughout the total water of cells and plasma, but also glucose 
which is added to blood in vitro in concentrations which may occur in health 
or disease assumes the same distribution. This suggests that the membrane 
of the human red blood cell permits the free passage of glucose by diffusion. 
This impression is heightened by the fact that when, by additions of water or 
salt, the distribution of water between cells and plasma is altered, glucose 
moves across the cell membrane in one direction or the other to reestablish 
uniformity of concentration. Moreover, movements of glucose to and from 
the cells appear to be associated with no chemical or metabolic reactions 
that would suggest any process other than diffusion. Nevertheless, the ques- 
tion can not be considered as completely settled. The uniform distribution 
of glucose between cells and serum is not a characteristic common to all species 
of animals. In fact it seems to be confined entirely to the anthropoids. In all 
other mammals studied Somogyi (639) found far more sugar in plasma than in 
cells. In the pig (617, 639) the cells were practically devoid of glucose. Kling- 
hoffer (395) has shown that there is a limit to the amount of glucose that blood 
cells will admit. When extremely concentrated solutions of this sugar are 
1SS 
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added to blood, the plasma at equilibrium contains far more per unit of water 
than the cells do. 

Glucost of interstitial fluid. That glucose of plasma, in the living animal 
as well as in vitro is free to diffuse through artificial membranes that are im- 
permeable to protein has been established by Power and Greene (553). \'a«cu- 
lar and lymphatic membranes also appear to offer no barrier to the diffusion of 
glucose. Its concentration per unit of water in lymph (32 2, 323), transudates 
and edema fluid is the same as that of blood plasma. It was early reported 
(180, 550) that there was more sugar in edema fluid and peritoneal transudates 
than in blood, but the apparent differences can be entirely accounted for by the 
differences in the water of the two media. The glucose of synovial fluid, 
according to Cajori, Crouter and Pemberton (118) is identical with that of hlood 
plasma and parallels the changes in the latter after the administration of 
glucose. 

In spinal fluid the concentration of reducing substances is only 60 to 70 per 
cent of that in blood (138, 251, 356, 385, 601 , 664 , 702). That the reducing 
substance is almost entirely glucose has been proven by Schloss and Schroetler 
( 601 ) and others ( 356 , 385). The ratio of spinal fluid glucose to blood glucose, 
therefore, must be somewhat higher than the figures given above would indi- 
cate (138). On the other hand a correction must be made for the lower water 
content of the blood. These two corrections practically cancel one another. 
Despite the fact that the concentration of glucose in spinal fluid differs from 
that of blood, it is not independent of the latter, but reflects changes in blood 
glucose brought about by the administration of sugar, insulin, etc. (138, 251, 
385, 604, 668, 702). There is, however, a distinct lag in the response of the 
spinal fluid to changes of blood sugar. This is probably referable to slow 
diffusion through the cerebrospinal fluid. Glucose presumably finds its way 
into this fluid through the choroid plexus in the ventricles, whence it can pass 
only by diffusion to the lumbar region from which it is usually withdrawn. 
If glycolysis occurs in the spinal fluid, the concentration of glucose must dimin- 
ish in transit . This may be partly responsible for the difference lietween spinal 
fluid and blood glucose; but can hardly explain the whole discrepancy because 
glycolysis appears to proceed slowly in normal spinal fluid. In children 
Stewart ( 664 ) found that the sugar of spinal fluid from the lumbar region was 
1 to 2 mg. per cent lower than that of fluid from the cisterna magna and 8 mg. 
per cent lower than that of ventricular fluid. Thedifference between the spinal 
fluid and blood plasma is 20 to 30 mg. per cent, far greater than the estimated 
difference between ventricular and lumbar fluid. The sum of evidence, there- 
fore, indicates that the glucose of spinal fluid is not in simple diffusion equi- 
librium with that of blood plasma. 

The aqueous humor of the eye , like spinal fluid, contains less glucose per unit 
of water than blood serum does (702), although glucose enters the aqueous 
humor freely (706). 
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The diffusion of glucose. Glucose diffuses more slowly than either water or 
salt across the envelopes of red blood cells, vascular membranes and even 
through the interstitial spaces. If glucose is added to blood the cells first 
contract, losing water and salt to the plasma; only after a quite appreciable 
interval is equilibrium established (395). Glucose solution injected intrave- 
nously escapes more slowly than salt solution from the blood stream (2?0). If 
glucose solution is injected into the peritoneal canty or the subcutaneous 
tissues, its volume at first increases because salt enters to equalize its partial 
osmotic pressure more rapidly than glucose can escape (598). The additional 
salt raises the osmotic pressure of the pool of glucose above that of the surround- 
ing fluids, thereby drawing in water. For this reason it is inadvisable to ad- 
minister glucose solution subcutaneously to overcome shock or dehydration. 
Advantage has been taken of the slow diffusion of glucose to lower the cere- 
brospinal fluid pressure. If, by the intravenous injection of a concentrated 
(40 to 50 per cent) solution of glucose the osmotic pressure of the blood is 
raised above that of the cerebrospinal fluid, water is w ithdrawn from the latter, 
into which the glucose enters with difficult}'. It has been pointed out by 
Massercnan (485) that, although the initial action of glucoseis to reduce spinal 
fluid pressure, subsequently it has just the opposite effect. While the sugar 
enters the cerebrospinal fluid with difficulty, it does enter. Later, when the 
blood sugar falls again, the glucose in the spinal fluid remains elevated because 
it can escape only as slowly as it entered. Consequently it draws water from 
the blood into the subarachnoid space. Masserman (485), Murphy, Hersh- 
berg and Katz (520) and others have proposed the substitution of sucrose to 
reduce spinal fluid pressure. This sugar has several advantages over glucose. 
It is altogether excluded from the spinal fluid. It does not enter cells, but is 
confined to the extracellular fluids, and it can not be utilized; it can escape 
only in the urine. By reason of these attributes its concentration can be main- 
tained longer at a higher level and its effects on spinal fluid are not reversed 
subsequently as those of glucose are. The intravenous injection of 3C0 to 500 
cc. of a 50 per cent solution has been recommended. 1 

Special secretions. The failure of glucose to enter the gastrointestinal secre- 
tions has already been mentioned. Aszodi (20) found that the bile of dogs had 
reducing powers that varied with the blood sugar after administration of glu- 
cose, insulin and adrenalin, from which he inferred that the reducing substance 
was glucose. Spermatocele fluid and prostatic secretions, according to Huggins 
and Johnson (362), contain little or no glucose, while semen contains con- 
siderable quantities. 

In tissues other than liver Palmer (538) invariably found less sugar per unit 
of water than he did in blood. The concentration differed in the various organs. 
The concentration of sugar in the liver proved highly variable, but was also 

1 It is claimed that sucrose injections have a deleterious effect upon the kidneys (13, 437). • 
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usually lower than that of blood. According to Cori (154) the free glucose in 
liver and kidneys fluctuates with that in the blood after administration of glu- 
cose or insulin. The free sugar of muscles and brain also varies, but to a lesser 
extent ; it is far lower and docs not parallel so closely the concentration of glucose 
in the blood. In rats fasted, fed glucose, and given epinephrin and insulin, the 
plasma sugar varied from 19 to 272 mg. per cent, the muscle sugar only from 
6 to 52 mg. per cent (159). There is no evidence that glucose as such can be 
stored in any cells of the body in high concentration. Trimble and Carey (682) 
reported, after administration of glucose, temporary accumulations of sugar in 
high concentration in the skin; but Urbach and Sicher (691) were unable to 
verify this observation. The concentrations found by Trimble and Carey 
in the skin exceeded those in the muscle, but were far lower than those in the 
blood. The differences might be explained partly by differences in the water 
content of muscle and skin, partly by the more active metabolism of the 
former. In any case the data do not warrant the conclusion that the skin 
has any especial ability to store glucose. Whether this sugar enters cells by a 
process of simple diffusion is still uncertain. Since in cells it is continuously 
utilized for combustion and for formation of glycogen, the difference in con- 
centration between cells and interstitial fluid may mean only that utilization 
proceeds faster than diffusion. On the other hand there are some indications 
that entrance of glucose into cells is not entirely a passive process. Eggletor 
(207) found that in vilro glucose distributed itself through only a fraction of the 
water of muscle of the order of magnitude of the extracellular fluid. When 
the utilization of glucose is accelerated by administration of carbohydrate or 
insulin, some inorganic phosphate and potassium also pass from the extra- 
cellular fluid into the cells (see chapter on Phosphate). This reaction is self- 
terminative, ceasing before the accelerated movement of glucose comes to an 
end, suggesting that it is associated with the initial transfer of glucose, rather 
than the metabolic processes which are set in action. However glucose may 
enter the cells, observations of Wakeman and Morrell (701) and of Stetson and 
Peters (662), mentioned earlier, indicate that in monkeys and man it can escape 
from the cells again. 


GLUCOSE IN TIIE BLOOD 

Historical. The sweet taste of diabetic blood was noted by Dobson in 1775 
and by Cullen in 1776, shortly after Dobson and Pool had succeeded in sepa- 
rating sugar from diabetic urine. Tiedemann and Gmelin (679), in 1831, first 
demonstrated the probable presence of sugar in the blood by fermentation. 
Fifteen yearn later, Frerich obtained positive results from jugular vein blood 
with Trommer’s reduction test Magendie in 1847, found evidence of sugar 
by the same method in hepatic vein blood. Claude Bernard in the following 
year confirmed the observations of Magendie. He was, however, unable to 
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demonstrate sugar in any part of the circulation of the meat-fed dog except the 
hepatic vein and the right heart. This forced him to the interesting conclusion 
that glucose was formed in the liver and burned in the lungs. Although Figuier, 
in 1855, found sugar in all parts of the circulating blood, his discovery was not 
accepted because of Bernard’s great influence. 

Thus far only qualitative methods had been employed for the determination 
of blood sugar. In 1856 Chauveau (133) reported, as the result of quantitative 
studies with Barreswill’s reduction method, that: 

3. Arterial and venous blood both contained sugar, but arterial blood con- 
tained more than venous. 

2. The sugar content of blood from the two sides of the heart was identical. 

3. Lymph also contained sugar, which was derived from the blood. 

4. The concentration of sugar in the blood was constant, not dependent on 
diet, gnd persisted even after prolonged fasting. 

The essential accuracy of Chauveau’s observations, made in the middle of 
the last century without any of the modem technical advantages, is now quite 
evident. At the time Bernard’s theory was too well established to be easily 
shaken, and it was not until 1859 when Tieffenbach, Bock and Hoffman, 
Abeles, von Mering, Pavy, and the master Bernard, himself, almost simul- 
taneously demonstrated sugar in the blood of the systemic circulation’ that 
French and Figuier were vindicated in the eyes of the scientific world at large. 
Meanwhile Bernard (55), in 1857, had discovered glycogen in the liver and had 
produced glycosuria by his famous piqfire operation. 

To complete the story from a historical point of view is impossible. One 
point is worthy of emphasis. The widespread clinical application of blood 
sugar determinations began with the almost simultaneous publication by Bang 
in 1913 (31) in Germany and by Benedict (432) in this country of micro- 
analytical methods. Bang’s method was suited to the analysis of 0.1 cc. por- 
tions of blood, which can be readily obtained by puncture of the skin, and was 
therefore applied especially to the study of capillary blood. Benedict used 
larger amounts of blood which could be obtained only from a vein. Early 
European workers largely followed Bang in the development and application 
of methods adapted to capillary blood, while, for a considerable period Ameri- 
cans, with few exceptions, confined their studies to venous blood. In the light 
of Chauveau’s original observation that the sugar of arterial blood, to the 
composition of which capillary blood approaches, is higher than that of venous 
blood, which has been amply confirmed, it is not surprising that the early results 
of European and American studies frequently disagreed. 

• The nature of the reducing substances in blood. The material determined 
by the usual reduction methods used for the estimation of blood sugar is not 
entirely glucose. By the earlier methods from 80 to 120 mg. per 100 cc. of 
sugar, as glucose, was found in the blood of normal humans in the postabsorp- 
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live state. That some of this was glucose was demonstrated by I’ickard in 
1892 by identification of the osazonc. Best (61), by the application of accurate 
macro methods to 80 to 100 cc. portions, found that human blood contained 
only 47 to 82 mg. of glucose; the "residual reduction,*' equivalent to 19 to 31 
mg. of glucose, was due to substances which could not be fermented by a pure 
yeast culture which completely destroyed glucose. Hiller, Linder and Van 
Style (328) found in blood 15 to 30 mg. per cent of reducing substances that 
were not removed by cither spontaneous glycolysis nor yeast fermentation. 
These non-glucosc reducing substances reside chiefly in the blood corpuscles 
(636). Best (61) found that a large proportion of these substances could be 
precipitated by phosphotungstic acid, and therefore w ere probably nitrogenous. 
Somogyi (636, 638, 643) believes they are mainly composed of thioneine and 
glutathione. Best also found some disaccharide. Barrcnscheen and Prinz 
(41), from studies of adsorption on kaolin and elution by various chemical 
solutions, decided that a fraction is related to homogentisic acid. Fashena 
and Stiff (233) claim that a large proportion consists of glucuronic acid, of which 
they found 10 to 25 mg per cent in normal blood. 

The claim that tungstic add protein-free filtrates of blood contain combined 
glucose (685) appears to have been effectively Tefuted by Scharles and West 
(596). 

From the standpoint of carbohydrate metabolism the importance of these 
materials is diiefly historical. By improved methods of precipitation (638) 
and highly specific reduction procedures (48, 245) their effect on blood sugar 
determinations has been reduced to a minimum— not more than 10 mg. per 
cent. Somngji (636) and others (626) have shown that their concentration is 
not affected by physiologic or pathologic conditions that greatly alter the 
concentration of glucose in the blood. 

It must, of course, be recognized that after ingestion of sugars other than 
glucose as well as in physiologic or pathologic states attended by the excretion 
in the urine of saccharides other than glucose, these saccharides will be found 
in the blood and will contribute to its reducing powers. Moreover, they are 
not removed by the procedures that remove the usual non-glucosc reducing 
substances. 

Chiefly because the redudng powers of blood or blood filtrates were high in 
comparison with their optical rotation or other properties by which glucose 
can be measured, it was suggested by Stepp (660), Winter and Smith (717), 
Lundsgaard and Holbjfll (457) and others that in blood a part of the glucose 
existed in some more active form than the usual mixture of n and isomers 
which it assumes in ordinary aqueous solutions. These claims have beep 
effectually refuted by Paul (541, 542, 543, 721), Krogh (405), Anderson and 
Carruthers (10) and others. Attempts to demonstrate the presence in blood 
of a peculiarly active isomer of glucose have failed. This does not prove that 
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such isomers may not play an important role in sugar metabolism. Levene 
(423) cites evidence that in aqueous solution all of the possible cyclic forms of 
glucose can exist together, and probably do. He suggests that “agents bring- 
ing about fermentation produce an increase of that cyclic form of glucose which 
gives rise to that radicle which is most apt to cause the required dissociation 
of the glucose molecule, the initial phase in the formation of a free radicle.” 

The disappearance of sugar from blood in vitro. Claude Bernard (55) was 
the first to demonstrate that sugar gradually disappears from blood when this 
is allowed to stand. Since then the phenomenon has been studied extensively. 
Evans (222) showed that the disappearance of glucose is paralleled by the 
formation of lactic acid, indicating that the glucose is transformed into acid. 
The reaction is retarded by chilling, accelerated by warming to body tem- 
perature, and ceases if the blood is heated to 58°C. The glycolytic system 
of the red blood cells differs from that of muscle cells in several respects. In 
the first place its normal substrate is glucose, not glycogen. It works equally 
well on fructose (294). It does not require oxygen and ends in the production 
of lactic acid (188, 222). Although there appears to be creatine in red cells, 
it has been impossible to demonstrate creatine phosphate (188). On the other 
hand, there is adenosine triphosphate which seems to participate in the glyco- 
lytic process (188). In addition phosphoglycerate and hexose phosphates 
have been identified. These three compounds make up the major portion 
of the organic acid-soluble phosphorus of blood cells. The system is inde- 
pendent of the presence of insulin, since it proceeds as rapidly in diabetic as in 
normal blood (465, 683). Glycolysis is retarded by oxalate, checked by fluoride 
or monoiodoacetate. It is generally stated that it is abolished by laking blood 
cells, but this is probably incorrect; it is distinctly retarded by this treatment 
(393, 635). It proceeds more rapidly at alkaline reactions, reaching a maxi- 
mum at a pH of 8 to 9 (368). It is accelerated by addition of inorganic phos- 
phate (294). At body temperature from 10 to 20 mg. of glucose per 100 cc. 
of blood per hour is broken down (394, 465, 683), the rate being apparently 
independent of the initial concentration of glucose in the blood. Barron (43) 
claims that the glucose is quantitatively converted to lactic acid, but his data 
leave some room for doubt. Others have reported somewhat smaller recoveries 
of lactic acid. Dekker and Rosenbaum (178), for example, found only enough 
to account for 60 to 90 per cent of the glucose which disappeared. This has 
led to the highly dubious inference that some lactic acid is destroyed by the 
blood cells. 

Levene and Meyer (426) showed that leucocytes also convert glucose to 
lactic acid. Other investigators have found that, as glycolytic agents, the white 
blood cells are far more active than erythrocytes (368, 393, 603). Schmitz and 
Glover (603) believe that leucocytes of the myeloid series are more active than 
lymphocytes. In blood of patients with myelogenous leukemia they could 
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relate the rate of glycolysis to the number of leucocytes; in lymphatic leukemia 
no such relation could be demonstrated. If, as Unshelm (690) has suggested, 
leucocytes contain glycogen and if they resemble other active tissue cells in 
possessing the power to dispose of glucose by oxidative reactions, the presence 
of leucocytes would explain the discrepancy between lactic acid production 
and glucose destruction which was mentioned above. Because of the glycolytic 
activity of leucocytes the concentration of glucose in purulent exudates is low 
(599) and diminishes rapidly when these fluids are allowed to stand. This is 
especially true of spinal fluid into which glucose diffuses with difficulty. 

It has been rather generally assumed that these autoglycolytic reactions 
serve no useful purpose in the body. The only practical significance attached 
to them has been the necessity to take precautions against them when blood 
is to be analyzed for glucose, lactic acid and phosphates. Since, however, 
they presumably proceed in life as they do in the test tube, they can not be 
considered entirely supererogatory. It will be pointed out in the chapter on 
Phosphate that the phosphate esters of the blood cells may serve as a reservoir 
of phosphate. Evans (223) found that in the heart-lung preparation circulating 
lactic acid, which had been generally accepted as a product ol cardiac metabo- 
lism, was actually formed in the lungs from the blood itself and removed by the 
heart. Its production was diminished by adding CO* to the ventilating mix- 
ture, just as glycolysis is retarded by addition of CO* in the test tube (355, 393). 
It was accelerated by oxygenation in the lungs more than it could be in the test 
tube (224). Evans (223) has suggested that the small amounts of lactic acid 
found in the blood during rest may be derived from glycolysis of glucose in 
blood, not, as has been generally held, from muscles and other tissues. If 
glycolysis proceeds no faster in the blood stream than it does in the test tube, 
lactic add could be produced in the blood of an adult at the rate of about one 
gram per hour. 

The concentration of sugar in the blood 

The normal sugar concentration in lenotts and capillary (or arterial) 7 blood 
during the postabsorplive slate Because of the effect of non-glucose reducing 
substances, earlier methods yielded values for the postabsorptive blood sugar 
o! ‘healthy adults varying irom 7 D to 170 mg. per 10D cc., in sporadic instances 
even higher. Newer methods in which the effects of non-glucose reducing 
substances are largely' eliminated yield values 10 to 30 mg. lower, varying for 
the most part from 70 to 110. Occasionally values as Ion as 50 or as high as 
120 are observed in persons who appear normal in all respects; but these are 
exceptional. When the numberless extraneous factors which influence the 
normal blood sugar during the postabsorptive state are considered, it is not 

* Foster (246) has shown that the sugar of capillary blood is the same as that of arterial 
blood. 
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surprising that there should be such a high degree of variability. Most in- 
vestigators have noted, furthermore, that the variation in a given individual 
is almost as great as that encountered in a group of normal persons. In those 
subjects in whom a high or a low concentration is noted on one occasion, at 
other times concentrations near the mean can almost always be obtained (674). 
Therefore, even when blood is drawn under standard conditions, it is not 
justifiable to accept as evidence of abnormal carbohydrate metabolism a single 
determination unless it exceeds 120 or possibly even 140 mg. per cent, although 
anything above 110 mg. must be regarded with suspicion. The distribution 
of postabsorptive blood sugars of 60 normal adults is shown in figure 8. 



Blood Sugar -mp joer cerff: 

Fig. 8. The concentrations of sugar in the blood of 60 normal adults in the postabsorptive 
state. After Lozner, Winkler, Taylor and Peters (446). 

Effect of starvation on blood sugar. The figures that have been cited refer 
to the postabsorptive sugar of persons who are pursuing their usual activities 
and subsisting upon variable mixed diets. However, the antecedent regime 
is not without effect upon the blood sugar. Lennox, O’Connor and Bellinger 
(418) studied the venous blood sugar of normal and epileptic subjects almost 
daily during periods of starvation varying from 11 to 16 days. Invariably a 
definite hypoglycemia developed in the course of the first week, sometimes 
attaining considerable severity. In most instances the blood sugar did not 
begin to fall until the end of 48 hours of fasting. In the second week it tended 
to rise somewhat; but seldom, within the period of observation, did it return 
to the pre-starvation level. Similar results were obtained by Morgulis and 
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Before Daring After 

Tic. 9. The course of the blood sugar during starvation, from Lennox, O'Connor and 
Bellinger (418). The shaded area represents the range of variation in a group of subjects, 

the solid line, x x, the average for the group. The broken line O O indicates 

the course of the blood sugar in a young girl of thirteen, who showed a more striking hypo- 
glycemia than other subjects. In this one Instance the fast was broken by a high fat diet 
instead of a high carbohydrate diet. 


TABLE 9 


Development or Lasting Hytoclycfuia (after Suorr (618)) 


BAYS or rAST 

VBOCI 

ISOCAl 

Strom 

Whole blood 


*C. ftr too (C 

m[. per 100 tc. 

0 

110 

— 

1 

88 1 

— 

2 

66 

— 

3 

44 

— 

4 

37 

— 

5 (a m.) 

68 

67 

5 (pan.) 

53 

45 


Edwards (515) in dogs. Shope (618) observed the rapid development of in- 
tense and progressive hypoglycemia in the venous blood o! a normal young 
woman who fasted voluntarily* for 5 days. Lennox’s data arc presented 
graphically' in figure 9 , Shope’s in table 9. 
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In Shope’s case the fast was broken with 200 cc. of orange juice, 30 grams 
of cane sugar and 2 slices of buttered toast, a total of about 45 grams of sugar 
and as much starch. An hourlater the venous blood sugar had risen to 196 mg. 
per cent (serum sugar 235), an abnormally great hyperglycemic response. 
This, as will be seen later, is the usual consequence of prolonged fasting. 

Evidently the blood sugar is reduced by fasting and in an active adult may, 
at times, fall to concentrations as low as those observed after doses of insulin 
which give hypoglycemic symptoms. Presumably the hypoglycemia is a 
manifestation of depletion of the hepatic glycogen stores and the dependence 
of the organism upon tissue proteins to supply carbohydrate. 

In infants hypoglycemia develops earlier and reaches a greater intensity 
than it does in adults. This is only one item in a mass of evidence that infants 
tend to utilize carbohydrate more rapidly and to exhaust their glycogen stores 
earlier than adults do. Blood glucose falls below the normal range in children 
who are given diets containing minimum quantities of carbohydrate with large 
amounts of fat (399, 438). The postabsorptive blood sugars of 3 infants, 
studied by Livingston and Bridge (438), varied from 78 to 85 mg. per cent 
when the infants were receiving milk mixtures containing 3.8 per cent protein, 
3.9 per cent fat and 13.3 per cent carbohydrate. The blood sugars of the 
same infants on diets containing 1.5 per cent protein, 9.1 per cent fat and 2.1 
per cent carbohydrate, varied from 69 to 73 mg. per cent. In infants 4 to 9 
months of age Lindberg (436) found an average blood sugar of 1 17 mg. per cent. 
After a fast of 12 hours the average blood sugar was 94, after 24 hours 74 mg. 
per cent, where it remained after 28 and 64 hours of fasting. Livingston and 
Bridge (438) found in infants after a 6 hour fast an average blood sugar of 90 
mg. per cent; after 12 hours this was only 87 mg. per cent, after 24 hours 60 mg. 
per cent. 

Race has no recognized influence upon the fasting blood sugar. 

Sex. No consistent difference has been demonstrated between the blood 
sugars of males and females in the postabsorptive state (432, 719). There is, 
however, a distinct difference between the speed with which they utilize sugars. 
Female rats and guinea pigs, according to Deuel and associates (182.) waste 
liver glycogen more rapidly during starvation than do males of the same species. 
Ketonuria appears earlier in women than in men during starvation (181). 

Age. From infancy through early adult life the average postabsorptive 
blood sugar is quite constant. At birth and during the first few days of life 
it may be lower (110). This may be only a manifestation of relative carbo- 
hydrate starvation. 

In old age Punschel (554), by Bang’s method, found that capillary blood 
sugar tended to be higher and sugar tolerance lower than they were earlier in 
adult life. From the ages of 16 to 34 the average postabsorptive blood sugar 
was 95 mg. per 100 cc., from 58 to 70 it was 106, overjTt^Uwas-4 10, ^Spence 
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(651), using McLean’s method on capillary blood, found an even more marked 
tendency towards hyperglycemia in healthy old men. In 5 the fasting blood 
sugars were 110, 117, 147, 149 and 158 mg. per cent (these figures must be 
reduced about 20 mg. for non-glucose reducing substances. It is hard to say 
whether this reported tendency for the blood sugar to rise with advancing 
years is referable to the process of aging per se, or whether it merely denotes 
the increasing difficulty as life progresses of finding persons without patho- 
logical conditions of any kind. Among the 60 presumably normal persons 
examined by Lozner ct al. (446) no effect of age could be detected. In 18 from 
21 to 29 years inclusive, the blood sugar varied from 79 to 108 mg. per cent, 
ax'craging 90; in 10 of ages 30 to 39, the range was 79 to 117, average 87; in 18 
of ages 40 to 49, 75 to 110, average 91; in 14, 50 years or older, 72 to 105, 
average 88. 

Environmental temperature . The blood sugar of warm-blooded animals is 
slightly increased by exposure to cold (597). This would be expected from the 
rapid glycogenolysis caused by severe chilling, such as accompanies immersion 
in cold water (406). Kramer and Coffin (403) found that exposure of dogs to 
cold air (0® to 7°C.) for 24 hours caused the blood sugar to rise only a few 
milligrams per cent; exposure for 24 hours to warm air (29° to 32°C.) had no 
effect. In studies of experimental heat stroke, Hall and Wakefield (304) ob- 
served hyperglycemia in dogs which had been exposed to moist heat of 54® to 
60°C. DcLangen and Schut (179) found high fasting blood sugars in the resi- 
dents of Java near the seashore. When the same individuals moved inland 
where it was more elevated and cooler the hyperglycemia disappeared, only to 
reappear again when they returned to the torrid coast. How far this can be 
interpreted in terms of temperature is uncertain. 

Ejects of exercise on the fasting blood sugar. Staub (658) found that two 
hours’ vigorous exercise had practically no influence on the fasting blood sugar. 
Hale- White and Tayne (301) noted a rise of the morning blood sugar to 145 mg 
as the result of a brisk one- mile walk. No such effect was detected by Courtice, 
Douglas and Priestley (163), Mills (501) or Asmussen, Wilson and Dill (18) 
after walks of greater duration at moderate rates of speed. Rakestraw (556) 
found that short, severe exercise tended to increase the fasting blood sugar, 
•itVaVb ot tba essxdsft w it. Levina, RKjess. sxvi Derisk 

(427) found low blood sugars in some runners who had just finished a marathon 
race. This is not, however, a universal reaction to such exercise, since Best 
and Partridge (60) observed it in only 3 out of 10 Olympic athletes. Edwards, 
Margaria and Dill (205) found that running could be sustained for a long period 
without an}’ considerable reduction of blood sugar. Hypoglycemia appeared 
only after some hours. Short severe exercise, according to Rakestraw (556) 
tends to increase blood sugar. Edwards, Richards and Dill (206), however, 
found that the effects of such exercise depended upon the conditions under 
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which it was conducted. When football players ran on a treadmill in the 
laboratory their blood sugars tended to decrease slightly, when they played 
football many developed hyperglycemia, sometimes of high degree. The 
authors concluded that the hyperglycemia must be attributed to the emotional 
stress under which the subjects labored. When vigorous exercise is interrupted 
the blood sugar often rises (205). 

These phenomena, taken together, signify that ordinarily in exerdse both 
consumption of sugar by the muscles and provision of glucose from liver glyco- 
gen are accelerated, but keep pace with one another. Only when liver glycogen 
is exhausted does blood sugar fall. The rise which follows the interruption of 
vigorous exercise indicates that hepatic glycogenolysis continues at an accel- 
erated rate for a time after combustion of carbohydrate in the muscles has re- 
turned to its normal rate. 

THE EFFECT OF ADMINISTERED GLUCOSE ON TnE BLOOD SUGAR OF 
NORMAL MEN 

The oral glucose tolerance test. 9 The changes of blood sugar that follow in- 
gestion of glucose and other carbohydrates were investigated by Liebmann 
and Stem in 1906 and by Baudouin in 1908. More thorough studies by Bang 
(31) and Jacobsen (371) followed the introduction of Bang’s micromethod for 
the measurement of blood sugar. Since then the subject has commanded the 
attention of a host of workers. 

The form of the capillary and venous blood sugar curves after glucose ingestion . 
Immediately after the ingestion, by a normal, young adult in the postabsorp- 
tive state, of 50 to 100 grams of glucose, the concentrations of sugar in arterial 
(capillary) and venous blood, initially nearly equal, mount together. When 
they have risen 20 mg. or more, however, the venous sugar, though still rising, 
begins to lag behind the arterial. From this point onward the two curves di- 
verge, because sugar is transferred from blood to tissues in the capillaries. 
Himsworth (329), who has analyzed the early phases of the curve in great de- 
tail, describes, at the very beginning of the curve, a short delay in the ascent 
of the venous sugar to which he ascribes some importance. (See figure 10.) 
It is shortlived, the venous sugar rapidly approaching the arterial again, to 
diverge once more at a higher concentration. The arterial curve reaches a 

•The term "glucose tolerance” is used in the literature with three meanings, to indicate: 
(1) the amount of glucose required to cause the appearance in the urine of enough sugar to 
give a qualitative test; (2) much less precisely the definition of the degree and duration of the 
hyperglycemia caused by a given dose of glucose; (3) the amount of carbohydrate which can 
be taken in the diet daily without causing glycosuria. Despite the looseness of the term 
"tolerance,” it is retained for reasons of convenience. With respect to blood glucose, a high 
tolerance is the condition in which the hyperglycemia after a given dose of glucose is relatively 
small or transitory, while low tolerance is the condition in which the hyperglycemia is unduly 
high or prolonged. 
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maximum of 150 to 220 mg. per cent, usually In 20 to 40 minutes. The venous 
curve attains its peak at about the same time, but at a concentration .10 to 70 
mg. lower. As the arterial curve falls, the venous curve does not wait to meet 
it, but descends for a time more or less parallel w ith, but belosv the arterial. At 
the end of from one and one-half to three hours the arterial blood sugar has 
returned approximately to its original concentration. The venous curve may 
have preceded it by so much as an hour and may have continued its fall so 
that it is still below the arterial. The activity of the tissues in removing sugar 
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Fig. 10. The initial course of capillary and venous blood sugar curves of 2 normal adults 
after the oral administration of glucose. Broken lines represent capillary, solid lines venous, 
blood sugars. After Himsworth (329). 

from the blood is maintained even after the hyperglycemia has ceased. In 
consequence, the end of the period may find the venous sugar as low as 60 n>g. 
per cent, sometimes so low that hypoglycemic symptoms appear. The arterial 
sugar, as well, ultimately falls below its original concentration in most instances. 
Gradually the glucose-absorbing activity of the tissue ceases, venous and 
arterial curves approach till they meet at a normal or hypoglycemic level, 
sometimes in the second, usually in the third or fourth hour. These phenomena 
are illustrated by figure 11. The description is derived from the studies of 
Foster (246), Hansen (307) and Gilbert, Schneider and Bock (267). 
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The ordinary degree of variation of the capillary curves of healthy men, as 
determined by Hale-White and Payne (301), is represented by figures 12 and 13. 
The enclosed areas include all the curves from two series of normal adults, 
comprising respectively men under 30 and over 60 years of age, each of whom 
received 50 gm. of glucose. The composite areas suggest the sharp peaks that 
mark individual curves. The transition at the apex of a curve may be so ab- 
rupt that the maximum concentration will be missed unless samples are taken 



Fig. 11. The capillary and venous blood sugar curves of a normal, young adult male after 
the ingestion of 100 grams of glucose. The post-alimentary hypoglycemic reaction is quite 
evident. From Foster (246). 

at intervals of ten minutes or less. Figure 14 represents the variations in blood 
sugar curves of 22 normal young subjects after ingestion of glucose, from Gil- 
bert, Schneider and Bock (267). 

Effect of amount of glucose on curve of capillary hyperglycemia. The height 
to which the blood sugar rises after the ingestion of glucose is not proportional 
to the amount of glucose taken (307, 46 6, 681). If an individual is given on 
successive days, while he is in the postabsoiptive state, increasing amounts 
of glucose, the extent to which the blood sugar rises and the interval before it 
reaches a maximum will increase with the quantity of glucose given only so 
long as the dose is small, usually less than 30 to 50 grams. When this dose is 




I/U 


CARBOHYDRATE 


reached the peak of the capillary curve attains a maximum, usually between 
160 and 200 mg. per cent, which can not be raised further by larger oral doses 
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Fie. 12. Art a covered by capillary blood sugar curves of II normal men under thirty 
years of age, after ingestion of 50 grams of glucose. Solid lines indicate actual boundaries 
of area. Dashed lines are smoothed curves ignoring single points outside main area. IYom 
results of Hale-White and Payne (301). 



I'ig. 13. Area covered by capillary blood sugar curves of 12 healthy men sixty to seventy- 
five > ears old, after ingestion of 50 grams of glucose Prom results of Hale White and Payne 
(301). 

of glucose (see figures 15 and 16). The utilisation of glucose by the tissues is 
apparently not greatly accelerated until the blood sugar rises to a certain con- 
centration; above this the rate of utilization increases steadily until, at the 
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peak of the curve, it overtakes, and finally surpasses, the rate of absorption, 
in spite of the fact that absorption may be still proceeding at maximal speed. 
Utilization, once it is accelerated to this degree, does not stop until the blood 
sugar has fallen below its initial concentration. 

Ordinarily absorption from the intestines probably proceeds at a moderate 
steady rate that does not exceed a certain maximum. If more glucose is in- 
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Fig. 14. The limits of variation of the alimentary hyperglycemic reaction (capillary blood 
sugar) after f .75 grams glucose per kilogram in 22 young men. Data from Gilbert, Schneider 
and Bock (267). 

gested than is required to bring absorptive activity to this maximum, absorp- 
tion appears to be prolonged, rather than accelerated. Consequently, when 
glucose utilization is so stimulated that it exceeds this maximum rate of ab- 
sorption, the blood sugar begins to descend from its peak and continues to 
descend, even though the intestine may still be loaded with glucose. 

Effect on the capillary blood sugar curve of the rate and duration of sugar ab- 
sorption. Only the initial part of the ascending limb of the glucose tolerance 
curve, then, can be attributed directly and solely to the absorption of the sugar 
from the alimentary canal. For less than 30 minutes does the speed at which 
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the blood sugar of a normal person rises parallel the rate at which glucose is 
absorbed from the intestines. After this utilization becomes so greatly ac- 
celerated that ft dominates all other influences in determining the form of the 
blood sugar curve. Meyer (498), after administering glucose by stomach-tube 
to patients, removed the gastric contents at intervals for measurement and 
analysis, reluming them at once to the stomach. The blood sugar curve had 
already reached its peak when only 50 per cent of the glucose had left the 
stomach; one-half of it had not even reached the intestines where absorption 
begins. Furthermore, by the time the last of the glucose had passed thcpylorus 
the hyperglycemic reaction was usually completed, although some sugar in the 



Fig. 15. The effects of vaiying the dose of glucose upon the height and duration of the 
alimentary hyperglycemia (capillary blood sugar) of a normal adult. From Hansen (307). 
It will be seen that increasing the amount of gtucose given prolongs the hyperglycemia with- 
out increasing its height. 

intestines must still have been in the process of absorption. Foster (246) 
found that if, after one dose of glucose by mouth, a second dose was given in the 
second hour, while the blood sugar was descending, the blood sugar might not 
rise at all. If it did rise, the second elevation was much smaller than the first 
(see figure 17). The second rise was evidently prevented or modified by the 
activity of the processes of utilization set in action by the first dose of glucose. 

The acceleration of glucose utilization in the course of the tolerance curve 
has been generally attributed to increased activity of the pancreatic islands 
in response to the hyperglycemia, on the assumption that insulin has sole 
responsibility for the utilization of carbohydrate and is provided by the pan- 
creas in accordance with the demands of the tissues for the combustion of sugar. 
This view has been particularly stressed by Himsworth (329), who goes so far 
as to relate even minute details of blood sugar curves to fluctuations of pan- 
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creatic insular activity. It is becoming continuously more apparent, however, 
that the principal reactions involved in the metabolism of carbohydrate are 
autonomously regulated by forces inherent in the tissues themselves, to which 
the hormones merely impart direction and speed. Soskin and Alhveiss (647) 
injected into depan creatued dogs, for long periods, insulin and glucose so 
proportioned that the concentration of sugar in the blood was maintained 


Diabetes 



Grams glucose Ingested 

Fig. 16. The effects of varying the dose of glucose upon the maximum rise of the alimen- 
tary hyperglycemia (capillary blood sugar) of normal subjects, diabetics, and a case with 
mild diabetes or benign glycosuria. From Hansen (307). After a certain point, 20 to 50 
grams, increasing the dose does not cause any greater rise in normal subjects; while in dia- 
betics the height of the hyperglycemia varies directly with the dosage within practicable 
limits. The curve of lactation glycosuria shows a tendency to flatten out at an abnormally 
high level 

constant. When the injection was interrupted hypoglycemia ensued. If, 
during the continuous infusion, extra glucose was injected, a blood sugar curve 
resulted that resembled in every respect, including the terminal hypoglycemic 
phase, a normal glucose tolerance curve. Since these animals had no endog- 
enous source of insulin, these experiments seem to prove that the acceleration 
of glucose utilization which causes descent of the tolerance curve and the ter- 
minal hypoglycemia can not be implemented by pancreatic insular activity. 

Part of the sugar removed from the blood is utilized for the formation of 
liver glycogen, another part for combustion by other tissues, a third fraction 
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may be converted to fat. The partition of the sugar among these 3 destina- 
tions presumably depends upon the slate of the animal when the glucose is 
ingested. Evidence will be presented later that the form of the alimentary 
hyperglycemia is modified in a characteristic manner if either hepatic glyco- 
gcncsis or tissue oxidation becomes so impaired that the routes for the disposal 
of glucose arc limited. 

The duration of hyperglycemia. Since increasing the dosage of glucose 
beyond a certain point increases the duration, but not the rate of absorption, 
it could be expected also to increase the duration, but not the height, of the 
hyperglycemic reaction. This is indeed the case in normal subjects. From 30 
to 50 grams of glucose ordinarily suffice to produce a maximum hyperglycemia 
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Fic. 17. The effect on capillary and venous blood sugars of t» o successive doses of glucose. 
From Foster (216). The striking feature of the curves is the relatively small effect of the 
second dose, administered after the machinery for the disposal of glucose had been activated 
by the first. 


(307, 65S). If less is given, both height and duration of hyperglycemia are 
curtailed; if more is given, hyperglycemia is only prolonged, the height of the 
curve is not increased. Figure 15, from Hansen (307) depicts capillary curves of 
the same normal subject after ingestion of 20, 50, 100 and 2W> grams of glucose. 
All curves rose to the same height, between 170 and 180 mg. per cent, always 
within the first half hour. They differed only in the time required for the 
blood sugar to return to the initial level. This was reached about 40 minutes 
after the 20 gram dose, but had not been attained 2 hours after the 200 gram 
dose. 

This is of practical significance in the evaluation of glucose tolerance. De- 
termination of the duration of the hyperglycemic reaction to glucose requires 
fewer measurements than does definition of the peak of the curve, and is, 



PHYSIOLOGY 


175 


therefore, more commonly practiced. After ingestion of 1 gram of glucose 
per kilo the capillary blood sugar of young adults usually returns nearly to or 
below its initial concentration within 2 hours. Occasionally curves from 
apparently normal persons are prolonged to as much as two and one-half hours. 
In elderly persons there may be a further prolongation, up to 3 hours. In- 
creasing the dose to 1.5 grams per kilo may delay the return for as much as an 
hour longer. The venous blood sugar usually reaches its original concentration 
from 30 to 60 minutes earlier than the arterial does (see figure 11). 

In diabetes both the height and the duration of hyperglycemia increase as 
the dose of glucose is increased. There is no definite limit to the height or 
the duration of the hyperglycemia in the diabetic; his blood sugar may con- 
tinue to increase until absorption from the intestine slows down (see figure 16). 
Prolongation of the tolerance curve may be attributed to retardation of the 
processes by which carbohydrate is utilized. While this is characteristic 
of the diabetic who is not receiving insulin, it is also encountered in other 
conditions in which the ability to burn carbohydrate is not significantly im- 
paired. Consequently, a normal response to the glucose tolerance test, by a 
subject not previously treated with insulin or dietary restriction, is fairly 
conclusive evidence that diabetes may be excluded; but an abnormal response 
does not, by itself, establish the existence of diabetes. 

Effects on the blood sugar of meals consisting of fat, protein, or mixed foods. 
Ingestion of fats alone induces no hyperglycemia (31, 371, 548). After 50 
grams of meat protein Petren (548) noted increases of 30 to 50 mg. per cent in 
the capillary blood sugar. These are almost as great as might be expected from 
the glucose that can be derived from such quantities of protein. Conn and 
Newburgh (146) found that meals consisting chiefly of protein caused little 
hyperglycemia and no terminal hypoglycemia. 

It is generally claimed that the blood sugar rises less after starchy hods 
than it does after an equivalent amount of glucose or cane sugar. Kjer (391), 
however, found that starch caused quite as great hyperglycemia as glucose 
did, an observation which has been verified in diabetic patients by Wishnofsky 
and ’Kane p ib). Jacobsen XhTi) found that when the three daily meats con- 
sisted chiefly of carbohydrate foods, the capillary' blood sugar rose after each 
meal to about 160 mg. per cent (see figure 18), which is nearly' as high as the 
usual maximum after glucose. 

Friedenson et al. (253) determined the capillary and venous blood sugars i 
of a group of normal individuals before and at half-hour intervals after an 
ordinary breakfast of mixed foods, containing 75 to 100 grams of carbohydrate. 
The blood sugar curves did not differ appreciably from those following the 
ingestion of 50 grams of glucose. In some instances no hyperglycemic reaction 
was detected, but a definite arterial-venous difference was established in every' 
case. Presumably the mechanism for the removal of sugar from the blood had 
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been stimulated, possibly by a transient initial hyperglycemia; but the load was 
so small that it was disposed of without any rise of the capillary blood sugar 
that could be discerned at the end of the first half hour. 

Effect of previous fasting or a carbohydrate-free diet on the glycemic response 
to ingestion of glucose. Lehmann (417) in 1874 noticed that sugar injected 
into the mesenteric vein of starved dogs passed with abnormal readiness into 
the urine, llofmeister (342) in 1890 found that dogs which were fed starch- 
gruel after a previous fast, often had glycosuria. The period of starvation 
required to produce this “hunger diabetes” varied from 2 to 3 weeks in the 
youngest dogs to 2 to 3 days in the older ones, llofmeister concluded that the 
anomaly was due, not to accelerated digestion or absorption, but to retarded 



Tie 18. Effects of meals of ordinary foods of chiefly carbohj drate nature (bread, potatoes, 
\egetables, etc.) on capillary blood sugar level during the day. From Jacobsen (371). 

assimilation of the glucose after it had entered the circulation. It was at first 
believed that hepatic glycogenesis was impaired, a view which was strengthened 
by reports in 1914 by Barrenscheen (40) and Nagasuye (521) that a single 
feeding of glucose to dogs after a 3-day fast caused no deposition of glycogen 
in the liver. It has been demonstrated subsequently that this is not the case. 
Johnston, Sheldon and Newburgh (381) gave carbohydrate to normal human 
subjects after various periods of carbohydrate depletion. By studies of blood 
sugar and respiratory quotients they found that even on submaintenance diets 
the carbohydrate was stored rather than burned under these conditions and 
that the tendency to store it preferentially varied directly with the degree of 
antecedent carbohydrate depletion. 

du Vigneaud and Karr (697) found that the height and duration of venous 
blood sugar curves of rabbits after doses of 3 grams of glucose per kilo were 
increased progressively by previous fasting up to as much as 20 days. The 
ability to utilize carbohydrate diminished steadily throughout the entire fast. 
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In humans fasting also produces an exaggerated hyperglycemic response. An 
example was cited in the experiment by Shope (618), mentioned earlier. Gold- 
blatt and Ellis (271) found, that a fast of only 40 hours definitely reduced the 
carbohydrate tolerance of man, as evidenced by prolongation of the alimentary 
blood sugar curve and the appearance of glycosuria. 

Even extreme reduction of carbohydrate in the diet lowers the tolerance to 
glucose. Kageura (384) found that subsistence for two days on a diet con- 
taining only fat and protein raised the peak of a subsequent glucose tolerance 
curve by as much as 60 to 70 mg. per cent. Sweeney (671) investigated the 
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Fig. 19. The effect of antecedent diet on the alimentary blood sugar curves of 3 adults. 

A. The subjects had been receiving diets containing 350 to 400 gm. of carbohydrate daily. 

B. The subjects had been receiving only 25 grams of carbohydrate daily. After McClellan 
and Wardlaw (4S9). 

alimentary glycerine reactions of medical students who had subsisted for the 
preceding 48 hours on the following dietary regimes: (1) almost entirely starch 
and sugars; (2) lean meat and egg-white; (3) olive oil, butter, mayonnaise and 
20 per cent cream; (4) total starvation. The blood sugar rose least after the 
carbohydrate regime, most after starvation or fat. Figure 19, from McClellan 
and Wardlaw (489) compares the venous blood sugar curves of three norma! 
adults, first when they were receiving diets containing 350 to 400 grams of 
carbohydrate, second when they were receiving only 25 grams of carbohydrate 
daily. 

The excessive alimentary hyperglycemia of carbohydrate starvation is a 
manifestation of impaired combustion of sugar by the tissues. Ordinarily' 
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ingested glucose is removed from the blood to form glycogen by both liver and 
tissues. At the same time the combustion of carbohydrate in the tissues is 
accelerated; the respiratory quotient rises. After carbohydrate starvation, 
however, glucose does not cause the respiratory quotient to rise in the normal 
manner (271, 489). Bergman and Drury (54) injected glucose into eviscerated 
rabbits at rates so regulated that the blood sugar was maintained at a constant, 
normal concentration. Rabbits which had been fed up to the time of eviscer- 
ation utilized the glucose more rapidly than did rabbits which had been fasted 
for 4 to 6 days before evisceration. The ability to form glycogen appears to 
be unimpaired (173). 

Loss of tolerance appears to be related to depletion of glycogen, although 
the connection may not be a direct one. It seems to come on when the animal 
is subsisting upon a diet of fat and protein and is dependent upon the latter 
for the provision of carbohydrate. For this reason it is harder to provoke 
“starvation diabetes" in the dog, which is habituated to a diet consisting chiefly 
of protein and fat, than in rabbits or men, who normally consume large quan- 
tities of carbohydrate (129). Dann and Chambers (173) were forced to starve • 
dogs for 17 days or more, during which they were exercised daily on a tread 
mill; but Hims worth (331) was able to alter the alimentary glycemia curve of 
rabbits strikingly by only moderate reduction of dietary carbohydrate. 

So long as there is plenty of fat to provide calories, glycogen is used sparingly 
when it can be derived only from protein. It is this feature, apparently, not 
the actual quantity of glycogen in the liver, that determines the rate of carbo- 
hydrate combustion by the tissues. After 24 hours of starvation the liver 
of the rat contains only traces of carbohydrate. The glycogen is spent quite 
prodigally until the supply is almost completely exhausted. After 48 hours 
without food, however, the glycogen has been partly restored. At this time, 
when all the carbohydrate is coming from protein, it is used with great par- 
simony. Even when exogenous protein is bearing the load, glycogen is used 
sparingly; in fact, the organism appears to be relatively indifferent to the source 
of protein. Mirski, Rosenbaum, Stein and Wertheimer (504) found that the 
livers of rats receiving high fat diets contained little glycogen; there was con- 
siderably more glycogen in the livers of rats receiving high protein diets, but 
it was not depleted as rapidly by a number of procedures as was the glycogen 
of rats that had received high carbohydrate diets. 

If starvation is extremely prolonged these phenomena may be somewhat 
modified. In 7 of 11 dogs fasted for long periods by Chambers, Chandler and 
Barker (130) in advanced stages of starvation the nitrogen excretion increased 
greatly, the R.Q. rose to slightly above 80, ketonuria diminished, urinary 
creatine increased, while creatinine diminished. In the remaining 4 of these 
terminal transformations of metabolism were not observed. Obviously mem- 
bers of the second group were using fat for fuel purposes up to the end ; members 
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of the first group having exhausted their fat, were forced to derive all their 
energy from protein. Under these circumstances the combustion of carbo- 
hydrate was necessarily accelerated because a large part of the protein could 
be burned only through the pathway of carbohydrate. At this stage, also, in 
contradistinction to the earlier stages of starvation, the R.Q. rose after the 
administration of glucose, proving that the capacity to bum carbohydrate 
had been partly restored. 

TThe phenomena of starvation diabetes have been attributed to variations in 
the secretion of insulin by the pancreas. It has been assumed that insulin is 
supplied by this organ in proportion to the demands of the tissues for the 
combustion of carbohydrate. According to this theory insulin is secreted 
plentifully when the muscles and other tissues are generously provided with 
carbohydrate; but, when sugar is scarce and the tissues are subsisting chiefly 
or entirely upon protein and fat, the secretion of insulin is reduced to a mini- 
mum. Temporary failure to bum sugar after a period of starvation is ascribed 
to a lag in the reacceleration of insulin secretion. That this can not be the case 
is implicit in the experiments of Bergman and Drury (54), mentioned above, 
because their animals exhibited the phenomena of starvation in spite of the 
fact that they were eviscerated and, therefore, had no source from which insulin 
could be supplied. Mirsky, Nelson, Grayman and Korenberg (510) have 
shown that the duck, which appears to utilize carbohydrate in the absence 
of the pancreas, nevertheless develops severe starvation diabetes (excessive 
alimentary hyperglycemia following a period of starvation) both before and 
after removal of the pancreas. 

Effect of exercise before and after glucose ingestion on the blood sugar curve . 
Staub (658) found that exhausting muscular work done for one and one-half 
hours immediately after the ingestion of 20 grams of glucose diminished the 
peak of the hyperglycemia (e.g., lowered it from 155 to 130 mg. per cent) and 
hastened its return to the fasting level. 'When exhausting work was done 
immediately' before the glucose was taken, the subsequent hyperglycemia was 
exaggerated. Smith and Smith (628) also found that exercise mitigated ali- 
mentary hyperglycemia. Bffje (S3) studied the effects on 4 normal persons 
of exercise on a Krogh ergometer 30 to 90 minutes after the ingestion of 1 gram 
of glucose per kilo of body weight. If the exercise was begun after the peak 
of the blood sugar curve had been passed, 2 of the 4 frequently developed hypo- 
glycemia sufficiently severe to induce symptoms. In none, however, was 
hypoglycemia provoked by r exercise unless glucose had been taken previously. 
Mills (501) found that after a 10-mile walk taken before breakfast glucose 
produced an excessively high and prolonged hyperglycemia, while the respira- 
tory quotient rose less than usual. This abnormal reaction could be abolished 
by the ingestion on the preceding day of large amounts of carbohydrate. 

Tlies e responses illustrate in a specific manner the general effects of exercise 
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and starvation which have been described above. All are conditioned by 
the fact that glucose tolerance tests are usually conducted when subjects are 
in the postabsorptive state. Since they have been without food for 12 hours 
or more, the glycogen of their livers has been somewhat reduced. If they 
indulge in heavy or prolonged exercise under these circumstances, the residue 
of hepatic glycogen is rapidly expended, after which they respond to carbo- 
hydrate ingestion with excessive hyperglycemia like any starved animal. If, 
however, they receive glucose before the exercise, the extra sugar is quickly 
and preferentially consumed by the muscles. When the limited supply of 
exogenous glucose is consumed, oxidation of sugar continues at an accelerated 
rate, but glucose is not supplied fast enough by the depleted liver; therefore, 
hypoglycemia may result. Both the alimentary hyperglycemia that follows 
exercise in the postabsorptive state and the hypoglycemia produced by exercise 
during alimentary hyperglycemia may be prevented or alleviated by adminis- 
tration, on the preceding day, of enough carbohydrate to insure a plentiful 
residuum of glycogen in tire liver at the end of the night’s fast. 

The implications of these experiments are obvious. Glucose tolerance tests 
can be interpreted only with careful consideration of the conditions under which 
they are conducted. Not only the diets upon which subjects have previously 
subsisted, but also activities immediately preceding or during the test will 
modify the height and duration of the alimentary curve. Factors other than 
exercise, which accelerate carbohydrate metabolism and thereby deplete liver 
glycogen, may give rise to excessive alimentary hyperglycemic responses. 

Effect of age on the blood sugar curve. Spence (651) concluded that more 
sugar per kilo is required to produce a given degree of hyperglycemia in infants 
than in adults. Figure 20 shows the capillary blood sugar cunes of infants, 
from 1.5 to 24 months old, after the oral administration of various amounts of 
glucose. A maximum rise of blood sugar was not induced with as much as 
1.75 grams of glucose per kilo; and the hyperglycemic reaction to 3 grams per 
kilo is not much greater than the reaction provoked in adults by 1 gram per 
kilo. The rise and fall are possibly slightly retarded in the infants. 

The alimentary reaction of the infant to glucose is also far more susceptible 
than that of the adult to starvation and to the antecedent dietary regime. This 
is illustrated in figure 21, which portrays the blood sugar curves of 3 infants 
after high and low carbohydrate diets. These are only further indications 
that infants do not practice as much economy’ in the expenditure of their carbo- 
hydrate stores as adults do. Fries and Kohn (254) state that tolerance dimin- 
ishes with advancing age during the first 10 years of life. 

In old age the height and duration of alimentary hyperglycemia are dis- 
tinctly increased (1, 301, 554, 651). Punschell (554) could not demonstrate 
this clearly after 20 grams of glucose; but after 50 (301) or 100 grams (651) the 
alimentary blood sugar curves of presumably’ normal elderly persons may be so 
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high and prolonged that in young subjects they would suggest diabetes. This 
effect of age Is illustrated in figures 12 and 13. 

Standardized methods for the performance of the alimentary glucose tolerance 
test. The dose of glucose has been varied by different observers from 20 to 200 
grams. The former dose, except in infants, is too small to elicit a maximum 



Fig. 20 The effect of various amounts of glucose by mouth upon the capillary blood sugar 
of infants. The vertical lines include, in each instance, two-thirds of the observations; the 
curves indicate average values. The curve for 3.0 grams was derived irom 15 infants, each 
Of the other curves from 10. After Livingston and Bridge (438). 

response; the latter is certainly too large. Even 100 grams is probably un- 
necessarily generous. The maximum height of the blood sugar curve is raised 
but little, if at all, in most normal persons by increasing the dose of glucose 
above a certain minimum, usually less than 50 grams, and the effect on the 
duration of hyperglycemia of doses greater than 100 grams appears to be 
somewhat irregular. Such a large dose also is apt to induce nausea. Further- 
more, in individuals with definite impairment of carbohydrate tolerance, it may 
provoke a glycosuria which will not dear up at once. The dose of 1 gram per 
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kilo used by Holst (344, 345, 346) is large enough to induce a maximum rise 
of blood sugar in normal persons; but not so large as to be disagreeable or to 
precipitate untoward reactions. Although it seems rational to proportion the 
dose to the size of the subject, individual responses vary so greatly (250) that 
almost as good results can be secured with a standard dose of 50 grams of 
glucose. 



Tic. 21. The effect of the antecedent diet upon the alimentary blood sugar curves of 3 
Infants, A, B and C. In each test a dose of 3 grams of glucose per kilogram was gi\en. The 
solid lines represent the curves after a diet containing 1.5 per cent protein, 9 per cent fat and 
2.1 per cent catbohydrate; tbe broken lines, the curves after a diet containing 3 8 per cent 
protein, 3.9 per cent fat and 13.3 per cent carbohydrate. After Livingston and Bridge (43S). 

Kjcr (391), Jacobsen (371) and Graham (281) have shown that it is possible 
in some individuals, at least, to obtain a maximum hyperglycemia ajlcr a mixed 
meal in which carbohydrate predominates. Brill (100) advocated such a test 
breakfast, measuring the venous blood sugar before and 2 hours after the meal. 
Hubbard and Wright (361) examined the blood at the same intervals, but used 
a breakfast containing 100 grams of carbohydrate, 65 of protein and 27 of fat. 
The responses to such meals have not been so exhaustively examined as the 
responses to glucose. Studies by Conn and Newburgh (146) indicate that in 
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mixed diets the availability of carbohydrate has a distinct influence upon the 
form and duration of the alimentary glycemia. 

The subject must not exercise before or during the test . Previous exercise may 
yield a curve that suggests diabetes, while exercise after the glucose has been 
taken may reduce the hyperglycemic reaction. Emotional disturbances must be 
avoided since they maj’ increase hyperglycemia. 

The precious diet should be unrestricted unless special information is desired 
which can be better secured under specified dietary conditions. Mild diabetics 
may have normal curves after they have been under dietdry treatment for a 
time (346). On the other hand, a diet deficient in carbohydrate and containing 
excessive proportions of fat may induce in a normal individual more than the 
usual hyperglycemic response (491). 

The observations to be made in connection with the lest depend upon its object. 
Determinations of the blood sugar before and at intervals of one and one-half 
and two and one-half hours after the ingestion of 50 to 100 grams of glucose 
suffice, if it is desired merely to exclude or to confirm a diagnosis of diabetes. 
Moreover, for this purpose either capillary or venous blood may be used be- 
cause, at these intervals, the arterial-venous difference is small. If the blood 
sugar returns to the fasting level within two and one-half hours diabetes can 
usually be excluded. Failure to return suggests, but does not prove, the exis- 
tence of diabetes. If the nature of a continuous or intermittent glycosuria 
is to be ascertained, capillary’ blood sugars should be determined at 10, or at 
most 15 minute intervals throughout the hyperglycemic reaction, while the 
urine is tested at 30-minute intervals. This procedure should also be followed 
whenever it is desired to secure the most complete information which the glucose 
tolerance test can yield. 

The two-dose tolerance lest. At the best the reaction of the blood sugar tc 
oral administration of glucose is so extremely variable that it is difficult, if not 
impossible, by the conventional tolerance test to draw an exact line between 
the mild diabetic and the person who has some non-diabetic disturbance of 
carbohydrate metabolism. Various expedients have been proposed to make 
the test specific, among which the two-dose tolerance test is of particular 
interest. This test takes advantage of the fact that in non-diabetic persons, 
after removal of glucose from the blood is well started, additional glucose will 
be disposed of with no further exaggeration of hyperglycemia; while in the 
diabetic, the blood sugar will rise progressively after each dose of glucose. 
Numerous tests that take advantage of this principle have been proposed, 
differing in the doses and time intervals prescribed. The simplest is that of 
Exton and Rose (228) which has been rather extensively employed. In this 
test 2 doses of SO grams of glucose in 325 cc. of water, flavored with lemon juice, 
are given at an interval of 30 minutes. The blood sugar is determined just 
before each dose and at the end of another 30 minutes. Urine is collected 
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before the test, an hour after the first dose of glucose and at the first voiding 
after the conclusion of the test. The urines are tested for sugar by the quali- 
tative method of Benedict. In the non-diabetic individual: (1) the preliminary 
blood sugar should be normal; (2) the 30-minute blood sugar should not exceed 
the preliminary sugar by more than 75 mg. per cent; (3) the 60-minute blood 
sugar should not exceed the 30-minute by more than 10 mg. per cent; (4) the 
urines should give no reaction for sugar. These are the criteria established by 
Exton and Rose. Of the 4 the second and third are the most important, 
especially the third. Gould, Altshuler and Mellen (278) have modified both 
test and criteria somewhat. They give a total of 1.75 grams per kilo of glucose 
divided into 2 doses and accept as non-diabetic a blood sugar rise of 30 mg. per 
cent between the 30 and 60 minute samples. After extensive application of the 
test Matthews, Magath and Berkson (486) concluded that it was superior to 
the single-dose tests, but that the criteria established by its proponents were 
not satisfactory. They found that in certain diabetics with high initial blood 
sugars the rises after 30 and 60 minutes did not exceed the limits set by Exton 
and Rose or Gould, Altshuler and Mellen for non-diabetics. They found that 
no normal patients had initial sugars above 120. At one hour no diabetic 
bad a blood sugar below 159 mg. per cent and no normal subject had a blood 
sugar above 180 mg. per cent. Persons with sugars between 159 and 180 mg. 
per cent at 1 hour could be normal or diabetic. Disturbances of carbohydrate 
metabolism other than diabetes gave high and prolonged curves. 

More prolonged observations have been advocated by numerous observers, 
Ralli and Shannon (557), for example, have proposed a 5-hour curve. They 
believe that the severity of diabetes may be estimated by the time required for 
the blood sugar to return to normal. Diabetes is, however, not the only con- 
dition that will prolong the hyperglycemic reaction. Furthermore the alimen- 
tary blood sugar curve is only one of the means of evaluating carbohydrate 
metabolism. Prolonged curves are required, for reasons that will be pointed 
out later, to demonstrate spontaneous hypoglycemia. 

Attempts have 'also been made to refine analysis of alimentary glycemia by 
various mathematical formulae intended to measure the area under blood sugar 
curves. 


REACTION TO INTRAVENOUS INJECTION OF GLUCOSE 

The rate at which glucose may enter the blood when it is given intravenously 
is not limited as it is when the sugar is ingested; therefore by rapid inj'ection 
of concentrated solutions the blood sugar can be raised to almost any desired 
height. The reactions elicited and the disposal of the sugar after it has gained 
access to the blood stream are governed by the same principles that prevail 
when it is given by mouth. When Bang (31) inj'ected glucose intravenously 
at a constant slow rate, the blood sugar rose rapidly, only to descend again 



PHYSIOLOGY 


185 


while the injection continued. This is quite comparable to the course of the 
blood sugar after oral administration of glucose, an example of the acceleration 
of carbohydrate combustion when exogenous sugar is preferred. When larger 
quantities of glucose were injected in the same manner by Butsch (117), the 
blood sugar after a short time attained a constant concentration. But, after 
a further interval it suddenly began to rise. This secondary ascent corre- 
sponded to the point at which the maximum amount of glycogen had been 
stored; the glucose thereafter was removed only as fast as it could be burned. 
Wierzuchowski (711, 712) injected 20 per cent glucose into dogs at rates 
varying from 1 to 9 grams per kilo per hour. At the slower rates of injection 
the blood sugar after its initial rise fell for a time as it did in Bang’s experi- 
ments, to rise again subsequently in the manner that Butsch describes. As the 
rate of injection increased, the blood sugar assumed a steadily higher level, but 
in each case finally flattened out, until the rate reached 9 grams per kilo per 
hour when, after the initial inflections described above, the curves rose almost 
vertically. The amount of sugar oxidized increased with the rate of injection 
until this reached 7 grams per kilo per hour, after which it rose no further; 
but as the rate of injection increased the proportion of each increment which 
was utilized progressively diminished. The amount of glycogen formed from 
each increment diminished in the same manner, but glycogenesis did not 
diminish as rapidly as oxidation did. Therefore, as the quantity injected 
increased, a relatively larger proportion of the amount retained went to form 
glycogen. (In these experiments, of course, large quantities of glucose were 
wasted in the urine.) The maximum rate of sugar utilization— i.e., the greatest 
amount retained— was 6 grams per kilo per hour. When, at the end of 6 hours, 
the injections were discontinued, the respiratory quotients began to fall at once. 
Again the rate of fall was related to the rate of injection only up to 6 grams per 
kilo per hour. Those animals which had been injected at a more rapid rate 
and therefore possessed a plethora of sugar did not utilize the extra quantity, 
but excreted it into the urine. Consequently, the total amount utilized over a 
12 hour period, 6 hours of injection and 6 hours of recovery, did not exceed 
36 grams per kilo, the largest quantity retained in 6 hours. The most sig- 
nificant feature of these experiments is the demonstration that both storage 
and combustion of carbohydrate in the normal animal vary directly with the 
blood sugar up to the limit of the ability of the animal to utilize sugar. This 
limit is fixed by the capacity to store sugar and the total energy production. 

Intravenous glucose tolerance curves. Since the general reactions elicited 
by the administration of glucose are essentially the same, whether it is given 
by mouth or by vein, intravenous injection has been utilized in tolerance tests 
by many observers (382, 383, 446, 566, 681) to obviate variations in tolerance 
curves that may arise from impaired absorption. Jorgensen (383) has claimed 
that far more regularly reproducible curves can be secured after intravenous 
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than after oral administration of glucose. Whether this is true of normal 
subjects or not, it docs hold for subjects with gastrointestinal disorders, of even 
a functional nature. Intravenous tests also have peculiar advantages in the 
examination of infants (681). 

It would be possible to administer glucose slowly over a long period by vein, 
thus imitating the normal process of absorption. It is, however, possible to 
evoke all the characteristic reactions that attend ingestion of glucose by rapid 
injection of the sugar, with less inconvenience and discomfort to the subject. 
A smaller quantity of glucose is required for this purpose by the intravenous 
than by the oral route, since all the sugar that is given becomes immediately 
available. Jorgensen (383) injected 20 grams. Lozner, Winkler, Taylor and 
Peters (446) injected SO cc. of a 50 per cent solution into adults. No effort was 
made to adjust the dose to the size of the subject because no correlation could 
be found between the hyperglycemic reaction and the sex, age, height or weight. 
The dose prescribed is convenient because glucose is commercially available 
in 50 per cent concentration in 50 cc. ampoules. For infants Tisdall, Drake 
and Brown (681) used 10 cc. ol a 20 per cent solution per pound of body weight. 
The greater variation in size of infants probably necessitates some adjustment 
of the dose. 

The average capillary and \ cnous blood sugars of normal infants at 30- 
minute intervals after the intravenous injection of glucose are illustrated in 
figure 22 from Tisdall, Drake and Brown (681). The range of variation of the 
blood sugar cun, es of 60 normal adults after intravenous injection of 25 grams 
of glucose is depicted in figure 23. The blood sugar reaches a peak in the first 
5 minutes, after which it falls rapidly to return to its initial level in 45 to 120 
minutes, usually within 90 minutes. A terminal hypoglycemia regularly 
occurs, just as it does m oral tests. For ordinary purposes Lozner, Winkler 
et at (446) concluded that determinations of the blood sugar before and 2 hours 
after the injections gave all the significant information w'hich the test has to 
offer. It is apparent from figure 23 that the concentration of glucose at 2 hours 
is in every case at or below the initial concentration and that the degree of 
variation of the blood sugar is less at this point than at any earlier point. The 
variation is sull smaller at 3 hours, but, if this interval were selected, a number 
of nvAd d&betlcs vddv moderately delayed curves would lie included among 
normals. The test was applied to 1 19 patients suspected of diabetes for various 
reasons. A normal reaction was observed in only 2 of this group who seemed 
on the basis of other evidence to be certainly diabetic. A normal cun e, there- 
fore, reduces the probability of diabetes to a minimum. Tor reasons that will 
appear in the subsequent discussion of this disease, it can not be stated with 
the same degree of assurance that a prolonged curve establishes the existence 
of diabetes. 
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Simultaneous determination of capillary and tenons blood sugar as a measure 
of glucose tolerance. Because the venous sugar falls below the capillary sugar 
when glucose is being rapidly removed from the blood by the tissues, it was 
hoped that simultaneous analyses of capillary and venous blood after ingestion 
or injection of glucose might prove to be a delicate method of measuring the 
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Pig. 22. The capillary blood sugar of normal infants after the intravenous administration 

of glucose. From TIsdalf, Drake and Brown (681). 9 • Average of 163 blood sugar 

determinations after the injection of 10 cc. per pound of body weight of a 20 per cent solution 

of glucose, x 1 Average of 42 blood sugar determinations after the injection of 10 cc. 

per pound of body weight of a 10 per cent solution of glucose. 

rate of utilization of glucose and might also provide a means of distinguishing 
whether the glucose ^ as being used to form glycogen in the liver or for com- 
bustion by the tissues. Although such simultaneous analyses have proved 
their value in experimental physiology and pathology, they have been rather 
disappointing in the clinic. After oral administration of glucose the varia- 
bility of the arterial-\ enous differences among normals is so great, and the 
.distinction between the reactions of normal and diseased subjects is so small, 
that the additional diagnostic evidence to be obtained by analyzing both 




188 


CARBOHYDRATE 


capillary and venous blood does not Justify doubling the discomfort of the 
patient and the labor of the analyst. The normal limits of variation of capil- 
lary and venous sugar and the difference between them have been defined by 
several observers (246, 253, 296, 308, 555). It is evident from these data that 
if arterial-venous differences are to be measured, blood must be taken at short 



F«c. 23. The effect on the venous blood sugar of 60 normal adults in the postabsorptive 
state of the intra\ enous injection of 50 cc. of 50 per cent glucose solution The solid circles 
represent the means, the vertical lines twice the standard deviations, and the open circles 
the eitremes at each time internal. After Lozner, Winkler, Taylor and Peters (446). 

intervals and capillar,' and venous punctures must be most accurately syn- 
chronized. 


GLUCOSE IN NORMAL URINE 

The reducing substances ordinarily present in urine. Glucose appears occca- 
sionally, and in some cases continually, in measurable quantities in the urine 
of certain healthy people. Aside from these special cases, however, the urine 
of all normal individuals contains substances which reduce the usual copper 
and ferricyanide sugar reagents. The amount of the reduction varies with the 
analytical method used, but is equivalent to 0.3 to 1.5 grams of glucose per 
24 hours, or a concentration of 0.02 to 0.10 per cent. It gives no reaction 
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with the ordinary qualitative Fehling or Benedict tests because these are not 
sensitive to such small concentrations. The reducing substances are not 
entirely removed by treatment of the urine with mercuric nitrate and sodium 
bicarbonate (49, 610), Lloyd’s alkaloidal reagent (202) or phosphotungstic 
acid, which will remove creatinine, uric add and other nitrogenous reducing 
substances. They are probably of the nature of sugars, since Breul (99), by 
a modification of the phenylhydrazine method, secured amounts of osazones 
large enough to account for the redudng bodies. A number of others (28, 318, 
516, 540, 544) have identified glucosazone, indicating that a part of the sugar 
is glucose. The majority of those who have applied spedfic fermentation 
tests to the urine have come to the conclusion, however, that the glucose frac- 
tion must be extremely small, not more than 0.002 to 0.01 per cent (202, 280, 
347, 456, 526, 534, 540, 610). Harding, Nicholson and Archibald (309) con- 
cluded that a large proportion was composed of lactose because, both before 
and after hydrolysis, differential fermentation revealed both glucose and galac- 
tose. They also identified traces of fructose and mannose. 

According to Breul (99) the quantity of reducing substances is not appre- 
ciably affected by feeding a diet rich in carbohydrate for as much as 28 days; 
but is likely to increase if a heavy carbohydrate meal is given after a 24-hour 
fast. The increment in this case is presumably glucose. Benedict, Osterberg 
and Neuwirth (49) found that feeding 20 grams of glucose in no instance ac- 
celerated total sugar excretion, but feeding as much as 60 grams sometimes did. 

The excretion of reducing substances, therefore, seems to increase under 
conditions that are known to be likely to cause urinary excretion of glucose. 
Apparently, however, under ordinary circumstances this excretion, which may 
be regarded as inevitable leakage, does not exceed minimal proportions even 
if the intake of glucose is vaned over wide limits. When, however, physi- 
ological limits are surpassed, an entirely different mechanism is brought into 
action; the rate of excretion then assumes a far greater order of magnitude. 
Only when the excretion of glucose attains this magnitude and gives unequiv- 
ocal positive tests with Fehling's or Benedict’s qualitative solution is it dig- 
nified by the term glycosuria. 

Non-saccharoid reducing substances in (tie urine from the effects of drugs. 
Certain drugs may cause the urine to reduce copper solutions when it contains 
no more than the normal amount of sugar. Among these are cinchophen, 
neocinchophen, salicylates (415), amidopyrine (2 17) and hydrazine derivatives. 

Glycosuria in normal persons as o result of administration of glucose. In a 
certain number of apparently healthy persons it is possible at some or all 
times to provoke moderate glycosuria by the ingestion of carbohydrate. In 
these subjects the degree of glycosuria is usually not directly related to the 
amounts of glucose administered. The variable reactions of normal adults 
are illustrated by experiments of Taylor and Hulton (674), who gave normal 
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students increasing doses of glucose. Of 26 students who received 200 grams 
of glucose, 6 had transient glycosuria. Of 9 who tolerated 200 grams without 
glycosuria, 3 developed glycosuria after 300 grams. Of the 6 who tolerated 
300 grams, 2 had glycosuria after 4 CO. Only 1 of 5 who took 500 grams had 
glycosuria. 

Glycosuria in normal persons as a result oj intravenous injection of glucose. 
It is possible to induce glycosuria in all normal persons by the intravenous 
injection of glucose. On the other hand, the excretion is not as variable as it is 
after oral administration. Sansum and Woodyatt (593) found that normal 
persons could tolerate without glycosuria, quite regularly, continuous in- 
travenous injection of glucose at rates less than 0.85 grams per kilo per hour; 
but as regularly exhibited glycosuria when the rate of injection exceeded this 
limit. This corresponds to only 50 to 60 grams per hour for the average man, 
whereas several limes as much may he given by mouth to many normal persons 
without causing glycosuria (674). The difference is probably due partly to 
the fact that absorption from the intestine regulates the rate at which ingested 
sugar enters the blood; partly to the fact that a certain proportion of injected 
glucose passes directly to the kidneys, whereas practically all that is absorbed 
from the intestines passes first in the portal blood through the liver which ab- 
sorbs a fraction to be stored as glycogen. 

The relationship of blood glucose to urine glucose. If capillary blood sugar 
concentration and urine sugar excretion are simultaneously followed in normal 
persons who develop glycosuria after administration of glucose, certain con- 
sistent relationships are usually found. Glycosuria begins when the blood 
sugar has risen above a certain concentration, which is fairly constant for a 
given individual (229, 230, 231, 306, 307, 319, 590). This concentration 
usually lies between 140 and 200 mg per 100 cc., although in a considerable 
number of persons it lies above or below these limits It is this apparent 
association between blood glucose concentration and urinary glucose excretion 
that gave rise to the concept of a renal threshold for glucose: that is, a critical 
concentration in the blood below which all glucose in the urine was reabsorbed, 
while above it increasing amounts escaped into the urine. 

Such a concept is out of keeping with present theories of renal function 
When all the facts of urinary sugar excretion are examined, the relationship 
described above is found to be more apparent then real and to be dependent 
largely on the particular experimental conditions employed. Faber and 
Hansen (231) and Sakaguchi (590) found that glycosuria may not begin until 
as long as 30 minutes after the peak of the blood sugar curve has been passed. 
Not only is a high pressure of blood sugar required to cause glycosuria, but this 
pressure must lie maintained for a certain length of time. This may not exceed 
15 or 30 minutes, but it may be long enough to permit the blood sugar momen- 
tarily to rise definitely above the presumptive threshold without the appear- 
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ance oi demonstrable glycosuria (590). If examination is continued after 
the appearance of glycosuria throughout the descending phase of the blood 
sugar curve, it may be found that glycosuria persists long after the blood sugar 
has sunk below the concentration at which glycosuria began (230, 231, 307, 
319, 590); in fact it may not cease until the blood sugar has returned to its 
initial concentration. The lag in excretion is altogether too great to represent 
merely the time spent by the urine in passing from the k idneys to the blad- 
der (319, 571). 

Apparently the kidneys act as a safety valve to prevent the accumulation 
of excessive quantities of glucose in the blood. There may be, at all times, 



Fig. 24. Capillary sugar after 50 grams of glucose. Curve indicating (1) normal rate of 
glucose utilization, but with (2) benign glycosuria of intermittent type, due to somewhat low 
threshold of 160 mg., and (3) continuance of glycosuria until blood sugar falls to fasting level. 
From Faber and Hansen (231). 

slight leakage of sugar into the urine. When the quantity of sugar in the 
blood exceeds a certain limit, however, a new process is brought into play, 
which enormously accelerates the excretion of sugar, the process of glycosuria. 
Like the process of absorption and utilization by the tissues, once started, this 
excretory' process, instead of ceasing to act when the original stimulus has been 
removed, continues to work until the blood sugar has been restored to a con- 
centration lower than that at which the glycosuria began. This is illustrated 
by the curve of figure 24. 

This teleological explanation of the facts remains to be correlated with the 
known behavior of the kidneys towards glucose. It has been established by 
Walker that in both amphibian (703) and mammalian (704) kidneys glucose 
freely enters glomerular filtrate, from which it is normally reabsorbed com- 
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plctcly by the tubules. Such complete reabsorption can not be a simple process 
of diffusion, but must involve active metabolic processes and expenditures of 
energy on the part of the renal tubular cells. Phosphorylation is presumably 
involved as it is in other tissues in these metabolic processes, but it has been 
impossible thus far to demonstrate any definite correlation between reabsorp- 
tion of glucose and phosphate exchanges. It may be conceived that the tu- 
bular cells arc enabled to take on large loads of glucose from the tubular fluid 
by converting it into some other form of carbohydrate, thus reducing the partial 
pressure of glucose within the cells, and by a reversal of this process deliver it 
again to the blood. The large deposits of glycogen found in the tubular cells 
in diabetes lend some support to such an hypothesis. In this disease, in which 
reabsorption of glucose must be maximal, the cells of the renal tubules arc 
found loaded with glycogen in contradistinction to cells of other tissues 
which arc depleted of glycogen. From an examination, by Best’s stain, of 
tissues from insulin-treated and non-insulin ized diabetics, Warren (705) found 
that insulin diminished abnormal deposits of glycogen in the kidneys, while 
increasing the normal glycogen of liver and muscles. He concluded that renal 
glycogen deposits arc related to the glycosuria, not to the diabetes. 

Ni and Rehberg (529) compared the clearances of glucose and creatinine in 
dogs after injections of glucose. The urine was collected continuously through 
a ureteral fistula, blood samples were taken at intervals. Using the creatinine 
clearance as a measure of glomerular filtration, they were able to calculate the 
quantity of glucose filtered and the proportion reabsorbed. They found that 
glycosuria marked the point at which glucose was preferred to the tubular 
cells more rapidly than they could absorb it. The excretion of glucose was 
determined not by the concentration of glucose in the blood, but by the rate at 
which it passed the glomerular filter. The proportion reabsorbed varied in- 
versely as the quantity filtered, reahsorption being practically complete when 
the rate of filtration was less than 200 mg. of glucose per minute. As the fil- 
tration of glucose rose above this rate increasing amounts of sugar appeared 
in the urine; nevertheless the absolute amounts of glucose reabsorbed rose. 
Bjering and Iverscn (69) applied the same technique to normal and diabetic 
persons, but gave glucose by mouth. Although the creatinine clearance in 
humans is not an absolute measure o! glomerular filtration, it serves well 
enough for comparative purposes to permit certain deductions from their 
experiments. They detected the usual difference between ascending and de- 
scending “thresholds.” They point out that the appearance of glucose on the 
rising limb of the blood sugar curve marks the point at whicli the concentration 
of glucose in the reabsorbed fluid first becomes less than that in the blood. 
When the blood sugar fell again the concentration of glucose reabsorbed was 
directly proportional to its concentration in the filtrate. The lower apparent 
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threshold on the descending curve, however, indicated that as the blood sugar 
fell, the concentration of sugar reabsorbed was lower in proportion to that 
of the blood than it was on the ascending limb of the curve. Shannon and 
Fisher (611) by clearance methods, measured filtration and reabsoiption of 
glucose during intravenous injections of increasing quantities of glucose. 
Under these conditions, as the amount of glucose filtered increased, the quan- 
tity reabsorbed also rose, but at a diminishing rate, so that reabsorption 
asymptotically approached a limit above which all additional glucose filtered 
was excreted into the urine. Goldring, Chasis, Ranges and Smith (274) have 
proposed, for this reason, that the maximum reabsorption of glucose, deter- 
mined by comparison of glucose and inulin clearances after injection of con- 
centrated glucose solution, be used as a measure of renal tubular function. 
In normal human subjects they found the maximum rate of glucose reabsorp- 
tion to be 250 to 450 mg. per minute. Govaerts and Muller (279) have con- 
firmed Shannon and Fisher (611). Since reabsorption is an extremely versatile 
activity and since the specific reabsorption of glucose appears to be confined 
to a particular segment of the tubules, it is doubtful whether a disturbance of 
this particular process is a suitable measure of the general reabsorptive function. 
In certain individuals, indeed, reabsorption of glucose is impaired without any 
other evidence of renal disability. 

There is no evidence in the experiments of Shannon and Fisher or Govaerts 
and Muller that the relation of reabsorption to filtration follow s one principle 
while the blood sugar is rising and another when it is falling. The experi- 
mental procedures were not, however, contrived to test this point. The evi- 
dence that ascending and descending “thresholds” actually differ is too large 
and varied to be lightly set aside until the subject has been put to a rigorous 
test. There is, however, no justification for retention of the threshold concept. 
The apparent correlation between glycosuria and blood sugar stems from the 
fact that the rate of filtration of glucose is a function of its concentration in the 
blood plasma. 

Glycosuria can not be induced by ingestion of glucose in most normal per- 
sons, because the blood sugar ceiling (i.e., the maximum concentration to which 
the blood sugar can be raised by alimentary administration of glucose) is not 
high enough to raise the glomerular filtration of glucose above the reabsorptive 
capacity of the renal tubules. Comparisons of the oral blood sugar ceiling 
and the concentration of blood sugar required to induce glycosuria, however, 
indicate that the two are not far apart. In certain normals it is quite easy to 
provoke alimentary glycosuria, either because the blood sugar rises for a short 
interval after glucose ingestion to an abnormally high concentration or because 
the reabsorptive capacity of the tubular cells is unusually small. In diabetes, 
since there is no maximum limit to alimentary' hyperglycemia, it is easier to 
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induce glycosuria by oral administration of glucose. At least one measure, 
the administration of the glucosidc, phlorizin, causes glycosuria in all animals 
by inhibiting reabsorption of glucose by the renal tubules (552, 703). 

An enormous volume of work dealing with the threshold of glycosuria in 
health and disease has been rendered obsolete. The nature of glycosuria in 
health and disease must be reexamined in detail by the newer techniques for 
analysis of renal function. 

BLOOD AND URINE SUGAR AFTER TJIE 1NCESX10N OR INJECTION OF SACCHARIDES 
OTHER THAN GLUCOSE 

Differences in the general behavior of the mammalian organism towards 
sugars have already been discussed. Ordinarily polysaccharides which enter 
the alimentary canal are not absorbed until they have been hydrolyzed. The 
component monosaccharides arc then absorbed into the portal circulation by 
which they are conveyed at once to the liver. It must again be emphasized 
that with the exception of fructose (tide supra), these monosaccharides enter 
the blood stream in their original state; they are not transformed to glucose in 
their passage through the intestinal wall. Furthermore, with the same ex- 
ception, they can not be utilized by the tissues in general until they have been 
converted to glycogen by the li\er and again released into the systemic blood 
as glucose. It follows that, of any monosaccharide, that fraction which is not 
immediately rcmo\ed by the liver in its first transit through this organ, will 
enter the sj stemic blood stream. Increments of blood sugar after the oral 
administration of saccharides other than glucose, then, may be composed of 
the foreign sugar itself or of glucose formed from this sugar by the liver through 
the intermediate, glycogen. 

All monosaccharides— and, in fact, disaccharides as well— enter the glo- 
merular filtrate quite freely. With the exception of glucose, however, the kid- 
ney tubules have little power to reabsorb them. Clearances of sucrose and 
xylose, indeed, w ere for a time used by Smith and his associates as measure of 
glomerular filtration. Subsequent comparisons with inulin clearances re- 
vealed that xylose is reabsorbed to the extent of about 10 per cent, probably 
by a mere process of back-diffusion (612). Sucrose and some other disaccha- 
rides seem to escape reabsorption (659). Their clearances are, therefore, 
measures of glomerular filtration. Sucrose can not be utilized at all and xylose 
only to a limited extent; therefore all of the former and most of the latter is 
recovered in the urine if they gain access to the blood. Because it does not 
enter any cells and can not be utilized by the tissues, sucrose has been used to 
measure the extracellular fluids of the body (413). Hypertonic solutions have 
also been injected to induce diuresis and, by their osmotic effects, to withdraw 
fluid from the subarachnoid space into the blood stream, thereby reducing 
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intracranial pressure. It has been reported that sucrose, when injected for 
these purposes, may injure the kidneys (13, 437). 

When moderate quantities of galactose or fructose are ingested by a normal 
person the blood sugar rises only slightly because these sugars are rapidly 
removed from the blood by the liver. If the course of the blood sugar is 
followed, an early rise may be detected, referable entirely to the foreign sugar. 
Blood glucose is not appreciably affected; in fact it may drop slightly after 
[ructose (663), Somewhat later glucose may rise slightly, presumably because 
the liver, when it is replete with glycogen, releases some glucose. In the nor- 
mal person, however, the rise of glucose is minimal. Despite their smaller 
effect on the blood sugar these sugars are more prone than glucose to cause 
melituria. This is especially true of galactose. After as little as 10 grams 
traces of this sugar may be found in the urine (310). Apparently the power 
of the renal tubules to reabsorb sugars other than glucose is extremely limited. 
Harding and van Nostrand (310) believe that there is a “threshold" for galac- 
tose excretion — i.e., that the sugar is partly reabsorbed in the renal tubules — , 
nevertheless they claim that whenever galactose is given by mouth it can be 
detected in the urine. 

The reactions to levulose and galactose are of importance chiefly because 
they have been used as tests of liver function. Because neither sugar is utilized 
completely without the intervention of the liver, incapacity of this organ 
exaggerates the hyperglycemia and melituria which they produce. For this 
purpose galactose should be superior to levulose because it can not be utilized 
at all until it has been converted to glycogen by the liver, whereas levulose 
can be partially utilized by the tissues. 

The levulose tolerance test. Stewart, Scarborough and Davidson (663) recom- 
mend the administration by mouth, under postabsorptive conditions, of 50 
grams of levulose dissolved in 100 to 200 cc. of water and flavored with lemon 
juice. Venous blood is withdrawn before and at 30 minute intervals for 2 
hours after the ingestion of the sugar, and is analyzed for levulose. In only 
3 out of 30 normai subjects did the concentration of ievufose in the blood ex- 
ceed 10 mg. per cent and in none did it exceed 20 mg. per cent. Rarely the 
total blood sugar rose more than this. Levulose did not appear in appreciable 
quantities in the urine. 

The galactose tolerance test. Various procedures have been employed to 
test the tolerance to galactose. The commonest consists merel}’ of analyzing 
the urine for sugar after the ingestion of a known dose of galactose. After 40 
grams of the sugar not more than 3 grams and usually less than 2 grams should 
appear in the urine of a normal adult 5 hours following administration of this 
dose of galactose (613, 686). 

litany observers recommend that blood as well as urine be tested. This is 
especially important in the diabetic. In diabetes both galactose and levulose 
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cause the glucose of the blood to increase, and precipitate glycosuria. Never- 
theless the curves of levulosc (663) and of galactose (572) in the blood do not 
appear to be modified by this disease. Analysis of the blood for galactose 
(non-fermentablc reducing substances), therefore, renders the test applicable 
to diabetics as well as non-diabetics. Roe and Schwartzman (572) found that 
after ingestion in the postabsorptive condition of 1 gram of galactose per kilo 
of body weight, the galactose concentration of the blood, taken at 30, 60 and 
120 minutes did not rise above 138 mg. per cent in 10 normal persons. None 
of the subjects excreted more than 3 grams of galactose in the urine. After 
40 grams Kosterlitz (400) found usually less than 40 and never more than 
63 mg. per cent of galactose in the blood of 10 patients without evidence of liver 
disease. In every instance galactose had disappeared from the blood by the 
end of 2 hours. Jankelson an 1 Lemer (373) have proposed intravenous injec- 
tion of the sugar to eliminate variable absorption. They claim, on the basis 
of a limited number of observations, that after intravenous injection of 50 cc. 
of a 50 per cent solution of galactose, galactose should disappear from the 
blood of normal persons within an hour. 

McKay, Bergman and Barnes (463) found that an antecedent fast did not 
impair the tolerance of rabbits to galactose as it did to glucose. Furthermore, 
one dose of galactose did not alter the form of the blood sugar curve produced 
by a second dose of cither glucose or galactose. The sugars were administered 
intravenously. This would seem to be merely an illustration of the fact that 
starvation impairs oxidation of glucose by the tissues, not hepatic glycogen 
formation. Since galactose can only be used to form liver glycogen, its dis- 
posal should not be affected by starvation. 

The use of dioxyacetone to test liver function has been suggested by Wach- 
stein (700). Like galactose it can be oxidized only after it has been converted 
to glycogen by the liver. 


PREGNANCY 

Most observers have reported normal postabsorptive blood sugars through- 
out pregnancy (324, 40 1, 600, 715). On the other hand, especially in the early 
months of pregnancy, alimentary glycosuria of moderate degree is common. 
This was first noted by Schirokauer (600). It has been claimed by many that 
this glycosuria is not attended by excessive hyperglycemia, but is more of a 
renal glycosuria (229, 600, 715). According to earlier concepts, it was believed 
that pregnancy lowered the renal threshold for glucose. Faber (229, 230), 
indeed, has reported observations on two normal priniparae whose “thresh- 
olds” fell from over 150 and 200 mg. per cent to below 130 mg. in the course 
of pregnancy. On this point, however, there is no general agreement. Labbe 
and Chevki (408) found sugar in the urine of 3 out of 53 pregnant women 
who were in the fasting state and had normal blood sugars. However, all 
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exhibited high and prolonged alimentary hyperglycemia. Alter oral glucose 
15 of the 53 had glycosuria. They concluded that, whether or not the renal 
threshold for glucose is lowered by pregnancy, the ability to utilize sugar is 
also reduced. They were inclined, as was Schmidt (602), to attribute tlje in- 
tolerance to impairment of the ability of the liver to store glycogen. Before 
any more satisfactory conclusion can be reached both excretion and utilization 
of glucose during pregnancy must be investigated by more modem and exact 
methods. The condition has no significance and presents no diagnostic diffi- 
culties. The glycosuria is usually slight and symptomless. Although ali- 
mentary hyperglycemia may be excessive and slightly prolonged, the blood 
sugar curves do not approach those of the diabetic, usually returning nearly 
or quite to the initial level within 3 hours (714). Care must be taken to dis- 
tinguish glycosuria from lactosuria. During labor, according to Ketteringham 
and Austin (390) the blood sugar rises slightly. 

According to the same authors the blood sugar of the infant is also slightly 
elevated immediately after delivery, but falls to normal or slightly below 
in the first few hours of extrauterine life. Others (326) have noted hypo- 
glycemia of variable degree in new-born infants and some have erroneously 
attributed to it pathological significance. It probably represents only a transi- 
tory effect of the lack of exogenous carbohydrate, to which infants are 
peculiarly sensitive (U. S.). 

LACTOSE AND LACTATION’ (547) 

The lactating breast appears to be able to withdraw glucose from the blood 
and to convert it to lactose. Widmark and Carlens (707) discovered that lac- 
tating cows may develop definite hypoglycemia, sometimes of a serious degree, 
shortly after lactation begins. Their claim that this is the common cause 
of the condition known as milk fever or birth paresis has, however, been dis- 
puted (320), Bert (cited by Widmark and Carlens) found that cows, which 
became pregnant after their mammary glands had been removed, developed 
glycosuria immediately after delivery. Daoud (174) has noted that the glyco- 
suria of diabetic women diminishes in the early part of lactation and that 
hyperglycemia simultaneously decreases. Brown, Petersen and Gortner (111) 
have reported that the production of hypoglycemia by means of insulin de- 
creases the lactose in the milk of lactating cows. The lactating animal appears 
to be automatically supplied with a surplus of sugar to meet the demands of 
milk production, the stimulus for the formation of sugar arising from some 
other source than the mammary gland itself. This source is the anterior lobe 
of the pituitary, which secretes a lactogenic hormone. 

Despite its origin from glucose the sugar in milk is almost entirely lactose. 
Furthermore, although its formation varies with the concentration of glucose 
in the blood (111, 174), no appreciable amounts of glucose are found in milk 
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even in diabetic women with hyperglycemia (174). Nitzecu (530) claimed 
that the Iactating mammary gland is able to utilize maltose, glucose, levtilosc 
and galactose for the formation of lactose. Wien Grant (282) incubated 
mammary gland tissue with various hexoses, however, lactose increased only 
after glucose; mannose, galactose and fructose were without effect. Grant 
(282) was unable to demonstrate free galactose in the products of lactose 
formation by mammary gland tissue in vitro. The transformation of glucose 
to galactose and the combination of glucose with galactose must, therefore, 
be linked reactions that occur pari passu. These reactions w ere completely 
inliibited by either sodium fluoride or iodoacctate, suggesting that they involve 
phosphorylation. Nevertheless, thp mammary gland preparation formed no 
lactose from phosphoglycerate, galactosc-6-phosphatc, fructosc-6-phosphate 
or fructose-1 : 6-phosphate (282). 

Although lactose is formed from glucose brought to the mammary gland in 
the blood stream, its concentration in milk is not related to the concentration 
of glucose in the blood (174, 684). Insulin is not involved in its formation; 
the milk of diabetic patients contains neither an excess nor a deficiency of milk 
sugar (174, 684). Moreover, it has been repeatedly reported that the toler- 
ance of diabetic patients (174) and animals improves at the onset of lactation. 
Glucose itself docs not gain access to milk even when its concentration in the 
blood is elevated (174). 

Although lactose can not be transferred directly from the blood to the mam- 
mary gland, small amounts frequently pass in the opposite direction, in which 
case, since this sugar can not be utilized, they are excreted in the urine. It is 
not uncommon to find traces of lactose in the urine of women in the early 
stages of lactation or even in the latter part of pregnancy (106, 358), especially 
if they have a super-abundance of milk or, for some other reason, such as 
weaning, secrete milk under excessive pressure. In milk fe\ er of cows, when 
the udders are inflated with air to check the formation of milk, lactose can be 
detected in the blood (320). Presumably the lactose, under pressure, is driven 
back into the blood stream. The phenomenon is chiefly important in clinical 
medicine because failure to distinguish such normal lactosuria from glycosuria 
may lead to an improper and disturbing diagnosis. The quantities of lactose 
in the blood required to give a demonstrable lactosuria arc too small to be 
detected. Hubbard and Brock (358) never found more than 2 mg. per 100 cc. 
by a micromethod depending on specific bacterial fermentation that was sensi- 
tive to 1 mg. per 100 cc. 

Certain peculiarities of the metabolism of lactose and galactose deserve special 
discussion. Although these are the characteristic sugars of the universal 
natural food, milk , their assimilation and utilization is more strictly conditioned 
than is that of the other common sugars. It has already been pointed out that 
galactose is absorbed more rapidly than either glucose and fructose and that 
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it is the only one of the three that can only be utilized after it has been con- 
verted to glucose with intermediary transformation to glycogen in the liver. 
The tolerance for galactose is, consequently, lower than for the other sugars. 

In 1931 Guha (295) reported that rats which received a fat-free diet with 
galactose as the chief source of carbohydrate developed signs of vitamin B 
deficiency. These could be partially prevented by substituting glucose for 
galactose. Koehler and Allen (396), after first reducing the weight of rats by 
feeding them submaintenance diets, tried to restore them to a normal state 
of nutrition by supplementing the diets w ith glucose, sucrose or lactose. When 
lactose was given, the rats at first gained weight, as they did with the other 
sugars; but shortly began to fail rapidly. Mitchell and Dodge (512), in experi- 
ments upon the effects of high carbohydrate diets, found that on diets con- 
taining 70 per cent of lactose, rats regularly developed cataracts, whereas equal 
amounts of starch, maltose, dextrin or sucrose had no such effect. When lac- 
tose was fed the reducing substances in the urine increased somewhat, pre- 
sumably because some galactose was excreted. Far more than the usual 
quantities of calcium were found in the lenses of these animals. Subsequently 
it was proved that galactose, not lactose per se, was the offending compound 
(511). Mitchell and Dodge gave large quantities of vitamin B to exclude 
avitaminosis in their experiments. Subsequently Mitchell, Merriam and 
Cook (513) showed that diets which produced cataracts also caused persistent 
galactosemia and galactosuria. Light is thrown upon these phenomena by the 
work of Schantz, Elvehjem and Hart (595). They found that when rats were 
fed whole milk, the solids of which contain 40 per cent of lactose, their urines 
remained free from sugar. If, however, they were given skimmed milk, with 
little or no fat, but a higher percentage of lactose, reducing substances soon 
appeared in the urine. These were identified as galactose. The melituria 
could be eliminated by returning the rats to whole milk diets. It could be 
greatly diminished by the addition to the skimmed milk of other fats, such as 
lard or com oil, or triglycerides of oleic and palmitic acids; but not by the 
addition of glycerol itself nor of shorter chain fatty acids, such as caproic or 
butyric. The blood sugar rose higher after skimmed milk -f- fat, containing 
the same quantity of lactose. Melituria paralleled glycemia. The proper 
utilization of galactose, therefore, seems to depend on the simultaneous presen- 
tation of fat. 

The relevance of these experiments to human pathology is uncertain. Mitch- 
ell and Dodge (512) were unable to produce cataracts in kittens or rabbits by 
feeding lactose. Schantz, Elvehjem and Hart (595) found that a pig and a 
calf resembled the rat in their inability to utilize lactose completely in the ab- 
sence of fat. One is tempted to try to connect these disorders with the faculty 
of lactose to promote absorption of calcium (see Calcium Chapter); especially 
since there is a deposition of calcium in the cataractous lenses; but Mitchell 
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themselves. In the test tube this question can be easily answered by simul- 
taneous analysis for glucose; but, in the circulating blood, where glucose is 
continually replenished, this criterion is useless. 

Lactic add of blood , body fluids and urine 

Lactic acid in blood at rest. The intermediary product of carbohydrate 
metabolism which attains the greatest concentration in the blood is lactic acid 
— or, more properly, lactate, since no significant amount of free lactic acid can 
exist at the pH of body fluids. The blood of man, even at complete rest, con- 
tains from 6 to 16 mg. per cent of lactic acid, equivalent to 0.7 to 1.8 millimols 
per liter (74, 147, 178, 204, 420). Greater and more variable concentrations, 
which have been reported by numerous observers, can not be accepted for 
several reasons. In the first place, many analytical methods that have been 
employed, especially by earlier analysts, are highly unspecific and, therefore, 
include other substances besides lactic acid. Second, sufficient care has not 
been taken to assure complete rest and to avoid venous stasis when blood is 
drawn for analysis. Finally, adequate provision has not been made to guard 
against autoglycolysis between the time when blood is withdrawn and the 
time when it is analyzed. 

It has been generally assumed that the lactate in the blood of normal, resting 
individuals originates in the cells of muscles and other tissues as the product 
of continuous, minimal, but irreducible anaerobic metabolism. Since, however, 
the red blood cells are continually producing lactic acid from glucose by an 
obligatory anaerobic process, it has been suggested that the lactate in blood at 
rest arises in situ from these processes. If glycolysis proceeds as rapidly in the 
blood stream as it does in the test tube, which seems probable, enough should 
be produced to account for the concentrations usually found during rest. The 
most accurate observations (178) indicate that the lactic acid produced falls 
somewhat short of the glucose destroyed. A fraction of glucose either under- 
goes complete oxidation — possibly by the leucocytes — or is diverted from the 
lactic acid pathway'. 

Distribution of lactic acid. Although the small quantities of lactic acid found 
in the blood at rest appear to be equally distributed between cells and plasma, 
when concentrations are increased, the ratio, lactic add per unit of water in 
cellstlactic acid per unit of water in plasma, diminishes steadily. This is true 
in vitro, whether the concentration is increased by the addition of lactic acid 
(185) or by spontaneous glycolysis (178). . The same disparate distribution 
has been found in the circulating blood after exerdse (185, 263). The dis- 
parity can not be attributed to a Gibbs-Donnan effect, because it is too large 
and because it varies with the concentration of lactate. It is of some im- 
portance in the evaluation of the relation of lactic add in blood to that In 
tissues. Obviously, if there is any equilibrium, it must be between the con- 
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cen trat ion in tlie tissues and the concentration in plasma, not whole blood. 
After exercise or in other conditions in which blood lactic acid is high, the 
concentration in whole blood may be far lower than the concentration in plasma. 
Whether other cells behave the same way is not known. Ghaffar (266) found 
that when lactate was added to frog muscle tissue it distributed itself through 
a volume of fluid approximating that of the extracellular space only. Lactic 
acid produced in the muscle appeared to diffuse out freely; but even when none 
was added, the concentration was greater in the extracellular fluid than in the 
muscle cells Dcvadetta (184), in similar experiments, estimated that it 
diffused into all the water of the tissue- Neuman (527) analyzed blood and 
muscle simultaneously removed from rats, both before and after exercise. 
The concentrations of lactate in the two media differed by no more than the 
experimental errors. Gcsell et al. (263) and Eggleton and Evans (208) have 
analyzed plasma and muscles in the same way under various conditions. 
Although the average concentrations in plasma and muscle agreed, in individual 
observations there were divergences in both directions. There is some tend- 
ency for the concentrations to be greater in plasma than muscle when lactic 
acid is high, and in some instances the disparities arc too great to be attributed 
to the different water contents of the two media, determination of the dis- 
tribution of lactate in the tissues is an extremely difficult matter because it is 
almost impossible to secure an equilibrium state, since the arid is so ubiqui- 
tously produced and so continuous!}' removed, and since production does not 
cease when the tissue is removed for analysis. Since in the animal lactic arid 
originates in muscle, if it entered the blood by a simple process of diffusion, 
it should, as it rises, be more concentrated in muscle than plasma. Those 
experiments in which the concentration gradient is in the opposite direction, 
from plasma to muscle, must, therefore, be given extra weight. In living 
human subjects, Himwich, Locbel and Barr (339) observed negative arterial- 
venous differences in lactic acid of blood circulating through exercising muscles; 
but slight positive differences in blood simultaneously withdrawn from the 
circulation of resting muscles. This was interpreted to signify that resting 
muscles absorbed lactic acid produced by other exercising muscles, a deduction 
that is not altogether warran ted. The arterial-venous differences in the resting 
areas may have been due merely to diffusion of lactate from the blood stream 
into the surrounding extra-cellular fluids. Others (335, 338) have reported 
uniformly negative arterial-venous differences in the circulation of skeletal 
muscle; absorption of lactate has been consistently demonstrated only in the 
heart and liver. Eggleton and Evans (208), by direct comparison of exercising 
and resting muscles with plasma detected no absorption of lactate by the iesting 
muscles. If lactate docs distribute itself rapidly and widely, the quantities 
produced in exercise have been underestimated. In an experiment by Dill, 
Edwards, Newman and Margaria (187), 30 minutes after cessation of exercise 
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on a treadmill for 65 seconds, the concentration of lactic acid in blood from an 
arm vein — presumably carrying blood from a comparatively resting part — 
of a man was still about 45 mg. per cent. At this time the concentration of 
lactic acid had fallen about half-way from its peak to the base line. If equi- 
librium had been reached in all tissue water, about 50 kg., there must still 
have been in the body more than 20 grams of lactic acid, derived from an equal 
quantity of glucose. This would represent about 6 per cent of the total es- 
timated carbohydrate of the body. Nevertheless, it is probably a low estimate, 
since 45 mg. per cent of lactic acid in whole blood probably means that there 
was at least 60 mg. per cent in the water of plasma. 

The effect of muscular activity on blood lactic acid. The uncertainty concerning 
the exact conditions under which lactic acid is produced in muscle and the 
precise significance of the process has been discussed above. Flock, Ingle and 
Bollman (244), in experiments on rats, noted a transitory production of lactic 
acid in muscles at the beginning of exercise which was not severe enough to 
cause persistent formation of lactic acid. This led them to the opinion that 
the production of lactic add is a regular event in the initiation of muscular 
activity of any degree. Similar phenomena are evident in certain of Bang’s (32) 
experiments on normal men. Lactic acid rose rapidly at the onset of exercise 
to decline as it continued. If a second group of muscles w as brought into play 
there was another transitory rise of lactic add. Whether the lactic acid cycle 
acts as a priming mechanism for the oxidative cycle or whether it serves to 
provide energy until the circulation has responded to supply the necessary 
oxygen is uncertain. The general venous lactic acid is not appreciably in- 
creased by moderate exercise, such as walking on the level at a moderate rate 
of speed (18, 74, 147, 162). Sustained increases are only observed, appar- 
ently, when the exercise is of such severity that the respiratory and circulatory 
systems can not provide suffident oxygen to meet the demands for oxidative 
combustion of carbohydrate. In a group of normal men studied by Bock, 
Dill and Edwards (74) blood lactic acid was not altered by walking or running 
on a motor-driven treadmill for 30 minutes at rates of 2.5 to 7 miles per hour. 
In one instance, when the speed was increased to 8.6 miles per hour, the lactic 
add rose from 12.1 to 25 A mg. per cent. In exercise so severe that compensa- 
tion can not be established at all — e.g. sprinting — lactic acid in the blood may 
rise to 100 mg. per cent or more, the concentration which it attains being 
directly proportional to the amount of work done (187). In these circum- 
stances the major part of the immediate energy' that comes from carbohydrate 
must be derived from the incomplete anaerobic metabolism that leads to lactic 
acid. Exercise of this severity, however, can be tolerated for only' a brief 
period. 

There is some evidence that as physical fitness is improved by training, the 
blood lactate increases iess in response to a given amount of work (164, 570). 
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The removal of lactic acid from blood. After the cessation of exercise the ex* 
cess lactate gradually disappears from the blood, its concentration decreasing, 
according to Dill and his associates (187), as a logarithmic function of time. 
This removal proceeds at a comparatively slow rate. After 30 seconds of 
sprinting on a treadmill, the lactic acid of the blood which reached a maximum 
of about 55 mg. per cent, took more than an hour to return to its original 
concentration. This long delay in recovery and its almost complete dissocia- 
tion from the accompanying consumption of oxygen are among the reasons 
for the repudiation of the old Meyerhof-Hid theory that the greater part of the 
lactic acid produced during exercise was reconverted to glycogen at the expense 
of the remainder, which was oxidized to carbon dioxide and water to provide 
the energy required to effect the transformation. It has already been pointed 
out that there is great doubt whether lactic acid can be utilized at all by skeletal 
muscle (263). Instead, the greater part of it appears to be removed by the 
liver, where it is used to form glycogen again (33S). Some may also be taken 
up by the brain (19) and the heart (223), organs which differ from skeletal 
muscle in being able to bum lactic acid. In fact, it w ould seem, from experi- 
ments of Evans and others (223, 492, 576), that heart muscle utilizes lactic acid 
preferentially for fuel. 

That lactic acid is removed from the blood chiefly in the liver, where it is 
converted to glycogen, appears to have been proved beyond reasonable doubt 
by a number of observers, beginning with Cori and Cori (158), who demon- 
strated the production of glycogen in the livers of rats after ingestion or injec- 
tion of d-lactate. The rapid disappearance from the blood of rf-Iactate in- 
jected into human beings with normal carbohydrate tolerance constitutes 
additional presumptive evidence (315, 631), which is supported by the observa- 
tion that the removal of lactate is delayed in patients with diseases of the liver 
(317, 632). Nevertheless, when Conant, Cramer, Hastings, Klemperer, Solo- 
mon and Vennesland (144) fed fasted rats lactic ncid in which the carboxyl 
carbon was labelled with radioactive carbon, the animals formed glycogen 
equivalent to 32 per cent of the lactate; but this glycogen contained only 1.6 
per cent of the radioactive C. Of the latter 20 per cent was excreted in the 
expired air in 2.5 hours after the injection. Indeed as much or more radio- 
active carbon was found in the glycogen when either bicarbonate with radio- 
active carbon or radioactive carbon dioxide with glucose were given (695). 
Interpreted on their own merits these experiments imply that, although lactic 
acid promotes the formation of glycogen, it does not participate in the reaction 
to the extent of becoming incorporated in the glycogen. Wien, in other similar 
experiments, the radioactive carbon, was introduced into the a or 0 positions 
instead of the carboxyl radicle, twice as much radioactive carbon was found 
in the glycogen and only half as much in the CO? of the expired air (694). The 
authors suggested that in the course of the formation of glycogen, reaction of 
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pyruvic acid with CO* produces dicarboxylic adds which are subsequently 
decarboxylated. This would explain why one half of the carbons retained 
when radioactive C was in the a or 0 position were lost when it was in the car- 
boxyl radicle. It would also explain the entrance of radioactive COj into the 
glycogen. According to this hypothesis a number of different substances that 
increase glycogen may be freely interchangeable so long as they can be brought 
into enzymic equilibrium in the body with the key precursor, pyruvic add, 
which, in turn, condenses with CO* to provide again the essential 4-carbon 
acids. Cherry and Crandall (134) analyzed blood from various vessels of nor- 
mal, unanesthetized, fasting dogs for lactic acid and sugar. They found no 
differences between the concentrations of lactic acid in the blood entering and 
leaving the liver to indicate that it was being removed by this organ. When 
dl ~ lactate was given orally to unanesthetized dogs angiostomized by the London 
technique, by Ivy and Crandall (369), it was taken up by the liver when the 
dogs had been starved, but not when they bad been recently fed. From this 
the authors concluded that hepatic formation of glycogen from lactate is con- 
ditioned by the nutritive state of the animal, or perhaps the quantity of glyco- 
gen already in the liver. 

Soffer and his associates (631) found that only a negligible fraction of in- 
jected or ingested lactate is excreted in the urine of normal persons. Fishberg 
and Bierman (238) have demonstrated the presence of lactate in sweat. 

Lack of oxygen and blood lactic acid. Whenever tissues that utilize oxygen, 
especially skeletal muscles, are forced to work with an insufficient supply of 
oxygen, their carbohydrate metabolism is diverted to the anaerobic pathway 
that ends in lactic acid, which then increases in the blood. Muscular activity 
of such severity that the respiratory and circulatory adjustments can not meet 
the demand for oxygen is only one of these conditions. Retardation of the 
circulation by venous stasis is another. The application of a tourniquet to the 
arm for the brief period required to collect blood from a vein will cause the 
lactic acid in the blood from the part to rise as much as 2 mg. per cent (420). 
If the muscles of the limb are exercised it will rise much further. Lactic add 
rises more rapidly and remains elevated longer in the blood of patients with 
heart failure than it does in the blood of normal persons after the same amount 
'of exercise (494). The reduction of blood bicarbonate produced by lowering 
the tension of oxygen in the inspired air was at fust attributed to accumulation 
of lactic acid, although this could not be demonstrated with any regularity. 
It subsequently became clear that the bicarbonate defidency arose from over- 
ventilation in response to the anoxemia and was assodated with alkalosis, not 
acidosis. Edwards (204) measured the lactic add in the blood of normal 
persons, both at rest and after work, at various altitudes from sea level to 
6.14 kilometers (about 20,000 feet). A slight transitory rise of the resting 
lactic add was noted at the first station, at 2.81 kilometers, which was inter- 
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prctcd as possibly a sign of incomplete acclimatization. Beyond this the 
concentration of lactic add at rest was no greater at the highest altitude than 
it was at sea level Furthermore, although the capacity for work diminished 
steadily as the oxygen tension fell, the increment of blood lactic acid produced 
by a given amount of work remained the same at all altitudes. Bock, Dill and 
Edwards (74) found that breathing an atmosphere of 9 per cent oxygen (equiva- 
lent to an altitude of 6.7 kilometers or 22,000 feet), with or without 2.5 per 
cent COj, for about an hour, caused the blood lactic acid to rise not more than 
2 mg. per cent, on the average. That it is possible to overstep the compensa- 
tory powers of man in this respect has been shown by Jervell (378); but to 
raise the blood lactic acid to any considerable extent he was forced to lower the 
oxygen in the inspired air to 7.5 per cent. In animhls, anoxemia has been 
carried to greater extremes with consequently greater increases of lactic acid 
(263, 325, 397) until finally, just before death, the reaction of the blood becomes 
acid (397). Evidently it is easier to reduce the tissues to a state of oxygen 
penury by circulator}’ than by respirator}* disturbances. The reasons for this 
are two-fold. The first usually have a localized effect, while the latter must 
act upon all tissues alike. Secondly, lack of oxygen in the air provokes re- 
spirator}* and circulator}* responses that tend to keep the tissues supplied with 
oxygen enough to permit oxidations under ordinal}’ resting conditions. Before 
these compensator}’ reactions are sufficiently overstepped to force the tissues 
to resort to anaerobic metabolism, the physiological mechanism breaks down 
in so many other directions that muscular activity becomes intolerable (see 
chapters on Hemoglobin and Oxygen and on Bicarbonate). 

Disturbances of acid-base equilibrium and blood lactic acid. Macleod (471, 
472), in 1916, reported that injections of alkali, with or without glucose, in- 
creased the lactic acid of both blood and urine. Similar increases were demon- 
strated by Anrep and Caiman (14) in the blood of heart-lung preparations after 
overventilation. These experiments led to the general impression that a shift 
of blood pH in an alkaline direction regularly results in hyperlactacideraia, for 
which various unsatisfactory explanations have been offered. When, how- 
ever, Bock, Dill and Edwards (74) reviewed the subject, they were unable to 
confirm the earlier observations. Voluntary overventilation for 25 to 32 
minutes, which reduced the CO: content of the blood to 27.5 to 35.2 vol, per 
cent and drove the pH as high as 7.60 to 7.73, regularly caused the lactic acid 
of blood to rise, sometimes quite considerably (in one instance to 28 mg. per 
cent). The increases did not seem to be related to the severity of the tetanic 
muscular spasms that regularly occurred. When the same subjects ingested 
large doses of bicarbonate, blood lactate remained unchanged. Furthermore, 
overventilation under the influence of low oxygen tension (tide supra) was 
likewise without effect. Although the pH of the blood was not driven as high 
by the bicarbonate as it was by the overventilation in these experiments, they 
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suggest that the lactaridemia must be related to something other than alkalosis, 
possibly to peripheral circulatory stasis which has been reported by others in 
voluntary overventiiation. In dogs Geseli, Krueger, Gorham and Bemthal 
(262) increased blood lactic acid considerably by injecting intravenouslyenough 
sodium bicarbonate to double the bicarbonate of the blood plasma and raise 
the pH 0.3. However, this greatly increased the oxygen consumption and the 
respiratory exchange. Cook and Hurst (147) who found slight increases of 
blood lactate after administration of bicarbonate to normal men are inclined 
to attribute them to accelerated autoglycolysis of blood. Haldi (300) claims 
that bicarbonate increases the lactic acid of blood much more than it does the 
lactic acid of muscle. 

The rises of blood lactic acid that follow ingestion or injection of fructose or of 
Aihydroxyacetone (121, 122) have already been discussed. 

Bokelmann (86) reported that blood lactic acid was elevated in pregnancy; 
but this has not been confirmed by others (656). Anselmino and Hoffman 
(16), while admitting that the resting lactic acid of blood is normal in preg- 
nancy, claim that it rises more after a given amount of exercise, but not after 
intravenous injection of sodium lactate. This led them to the conclusion that 
the muscles in pregnancy give off unusually large quantities of lactic arid. 
For this hypothesis there is no valid evidence. 

Lactate tolerance test. Hartman and Senn (317) proposed the utilization 
of sodium lactate as a measure of hepatic function. A procedure has since 
been developed and applied for this purpose by Soffer and his associates (631, 
632). They measured the lactic acid in blood and urine of patients in the post- 
absorptive state after the intravenous injection of 75 grams of sodium d-lactate 
in 14 per cent solution. In normal subjects and patients convalescing from 
uncomplicated appendicectomy or herniotomy the concentration of lactic acid 
in the blood had usually returned to normal and was never more than 5 mg. 
per cent above the initial value 30 minutes after the injection. Rarely did 
extra lactic acid appear in the urine; the blood sugar seldom rose appreciably 
(631, 633). In patients with diabetes, although the blood sugar rose, the 
behavior of blood lactate was not disturbed (633). Blood lactate remained 
more than 5 mg. per cent above its initial concentration at the end of 30 minutes 
in patients with jaundice due to diffuse parenchymatous disease of the liver, 
but not in obstructive jaundice (632, 633). 

Lactate as a substitute for bicarbonate . Hartmann (315, 316) introduced 
parenteral injections of sodium lactate as a substitute for sodium bicarbonate 
in the treatment of sodium deficiency. The lactate is converted to glycogen, 
leaving the sodium to form bicarbonate by combining with CO*. The lactate, 
therefore, furnishes carbohydrate as well as sodium. The subject will be dis- 
cussed at greater length in the chapters on Sodium and Carbonic Arid and 
Acid-Base Balance. 
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Pyruvic acid 

If present theories arc in any sense correct pyruvic acid holds a key-position 
in the intermediary metabolism of carbohydrate, participating in both the 
anaerobic and aerobic cycles. It may also be involved in the oxidation of 
ketoncr. It might, therefore, be expected to find its way into the blood during 
cellular activity and, if it did, its concentration in the blood might be extremely 
informative. Until recently clinically applicable methods for its estimation 
in body fluids were quite unreliable. The bi-sulfitc binding power, which was 
much employed lacks specificity. Methods arc now available by which pyruvic 
acid concentration may be measured with reasonable accuracy and reliability; 
but these have only begun to be applied to studies of normal and disturbed 
function. 

Johnson and Edwards (380) report 1.0 and 1.6 mg. per cent in the blood of 
2 normal men at rest in the postabsorptive state. Bueding, Wortis and Stern 
(113) found 0.77 to 1.23 mg. per cent, with an average of 1.02, in 41 normal 
persons under the same conditions. Lu (447) found an average of only 0.56 
mg. per cent. 

After administration of glucose the pyruvate of the blood rises slightly. 
One hour after 1.75 grams of glucose per kilogram Bueding, Stein and Wortis 
(112) found it 0.44 ± 0.25 mg. per cent above the postabsorptive concentration, 
returning to its initial concentration within 3 hours, roughly paralleling the 
blood sugar curves. 

In exercise severe enough to cause blood lactic acid to rise, pyruvic acid also 
increases, following the general course of the lactic acid curve (380). The 
concentration of pyruvate and its changes are, however, much smaller than 
those of lactate. The curves of lactate and pyruvate in one experiment from 
Johnson and Edwards (380) are depicted in figure 25. Traces of pyruvate are 
excreted in the urine, the quantities varying with the concentration oi pyruvate 
in the blood. In rat muscle, according to Bollman and Flock (88), pyruvate 
rises rapidly at the onset of work and then gradually falls again to its original 
concentration. The excess disappeared just as rapid 1)’ if work was continued 
as it did if the work was stopped at the end of a minute. The authors con- 
cluded that it is removed, not by oxidation, but by diffusion into the blood. 
In aerobic exercise, then, like lactate, pyruvate seems to be produced in excess 
or to be liberated when muscle contraction is initiated only. If, after an 
interruption, work was resumed the same phenomena were repeated. Chief 
interest in pyruvic acid has centered about its relation to thiamin (Vitamin 
Bj) deficiency' since Peters (546) discovered that in pigeon’s brain, in the ab- 
sence Of thiamin, oxidation is impaired and pyruvate accumulates. The 
condition can be reversed by administration of thiamine. Peters has concluded 
that thiamin implements the reaction by which pyruvate enters into the 



PHYSIOLOGY 


209 


oxidative cycle of carbohydrate metabolism. Others (210) would assign to it 
the more specific role of facilitating the reaction, pyruvic acid + CO 2 — ► oxalo- 
acetic acid. Although it has not proved possible in mammalian muscle, or 
even mammalian nervous tissue, to demonstrate the mode of action as un- 
equivocally as Peters has in the brains of birds, there is inferential evidence 
that it serves a similar function The quantities of pyruvate in both blood 
and urine increase in vitamin Bi deficiency, returning to normal when thiamin 
is given (112, 113, 447, 549). The concentration of pyruvate in the muscles 
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Fig. 25. The effect of severe exercise on the lactic acid and pyruvic add of the blood of a 
normal man. Between the first 2 observations the subject ran to exhaustion on a motor- 
driven treadmill at an 8.6 per cent grade. The second observation was made 5 minutes after 
the cessation of exercise. From Johnson and Edwards (380). 

of rats with vitamin Bi deficiency is also elevated; but rises no more in exercise 
than it does in normal rats (85). Bueding, Stein and Wortis (112) claim that 
blood pyruvate rises further and remains elevated longer after the administra- 
tion of glucose in patients with vitamin Bi deficiency than it does in normal 
persons. 


Citric acid 

That citric acid is a normal constituent of urine was discovered by Amberg 
and Maver (9) in 1921 and has been repeatedly verified. It has also been 
identified in blood and other body fluids and in tissues (94, 407, 614). It is 
not derived entirely from citrates in the food, but can be synthesized in the 
organism (614). In fact, only a small quantity, usually less than 2 per cent, 
of administered citrate can be recovered in the urine, although it is apparently 
rapidly absorbed (615). During absorption the blood citric acid of dogs. 
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normally 0.9 mg. per cent in the postabsorptive state, rises quite distinctly 
and remains elevated for some time, both height and duration of the curve 
depending upon the size of the dose (615). Sherman, Mendel and Smith (614) 
compared the effects of diets containing variable proportions of casein and 
sucrose upon the urinary excretion of citrate. This appeared to be more 
responsive to sucrose than to casein, but the results were not sufficiently clear 
to warrant the inference that citrate was formed from the sugar. Subse- 
quently Meyer and Smith (497) reported that far less citric acid was excreted 
when glucose, fructose and galactose w ere given than after equivalent amounts 
of starch and dextrin. Sucrose assumed an intermediate position. They 
found, as did Kuyper and Matnll (407) that excretion in the urine invariably 
increased after meals, whether these contained citrates or not. 

Qstberg (536) discovered that the citric acid of urine always rose after ad- 
ministration of alkali, on observation that has been consistently confirmed in 
humans as w ell as animals (94, 407). In acute experiments on dogs, Sherman, 
Mendel and Smith (614) demonstrated no concomitant rise of blood citric acid. 

It is hard to connect all these facts with the supposed role of citric arid in 
metabolism. Failure to recover administered citrate is not surprising, since 
it can be converted to glycogen by the liver (464). A place lias been ascribed 
to it in the oxidative cycle of carbohydrate metabolism, in which it appears as 
one of the steps in the oxidative process. It might, then, be expected that 
more would be formed, and possibly escape, when carbohydrate metabolism 
was accelerated. There is, bower er, no obvious reason that it should be 
affected more by one type of carbohydrate than another; and the response to 
bicarbonate is quite inexplicable. The teleological explanation that it serves 
to mitigate alkalosis and to act as a buffer in the urine is unsatisfactory. It 
has been ad\ anced also to explain increases of lactic acid and ketones. The 
subject requires renew cd exploration in the light of present-day concepts of the 
place of citric acid in metabolism. In this connection it has been claimed that 
urinary citric acid diminishes in Vitamin B L (thiamin) deficiency-. Sober, 
Lipton, and Elvehjem (630) and Smith and Meyer (627) have shown that this 
occurs only because the intake of food decreases. 

Quite inexplicable is the discovery' by- Shorr, Bernheim and Taussky (620) 
that urinary- citric acid fluctuates rhythmically with the menstrual cycle, being 
minimum during the menses, but rising in the mid-menstrual period. The 
urinary excretion was increased by the administration to amenorrheic girls 
of the estrogenic compound, estradiol benzoate; while it was diminished by the 
administration to a male with pituitary hypogonadism of the androgenic hor- 
mone, testosterone. 

DIASTASE OP BLOOD AND URINE 

Both blood and urine ordinarily contain certain amounts of diastase or 
amylase, an enzyme that hydrolyzes either starch or glycogen with equal 
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rapidity (517). It was for a long time believed that this or simitar enzymes 
might be involved in intermediary carbohydrate metabolism. This led to 
unsuccessful attempts to connect the concentration of diastase in the blood 
with the phenomena of diabetes (255, 379). The action of diastase is, however, 
purely hydrolytic, while the disintegration of glycogen in the processes of 
metabolism is associated with the addition, not of water, but of phosphoric 
acid. The diastase of blood is confined entirely to the plasma (56). Although 
it may find its way into extracellular fluids and urine, it is apparently excluded 
from cells and plays no part in normal carbohydrate metabolism (416, 640). 
It is identical with the amylase in the external secretion of the pancreas (677), 
from which organ small quantities probably leak back into the blood stream. 
A fraction may be derived from other sources if, as Reid, Quigley and Meyers 
(558) claim, it does not entirely disappear from the blood after removal of the 
pancreas. Its concentration in the blood is not consistently affected in diabetes 
or hepatic disease (645), but rises distinctly in destructive diseases of the 
pancreas or when the pancreatic ducts are obstructed (83, 213, 629, 641). 
Taubenhaus and Soskin (673) have recently attempted to implicate blood dias- 
tase in the intolerance for carbohydrate provoked by infections. They found 
that in livers of animals poisoned by diphtheria toxin glycogenolysis proceeded 
normally unless glycogen was high, in which case it involved less phosphorus 
than usual and resulted in the formation of intermediate hydrolytic products 
of the nature of dextrin. These experiments are unconvincing for two reasons. 
First, diphtheria toxin causes quite specific damage to the liver, associated with 
deglycogenation (722, 723), which is not characteristic of infectious processes 
in general. In the second place, because the poisoned livers contained only 
small quantities of glycogen it was necessary to add glycogen in order to com- 
pare them with normal livers containing large quantities of glycogen. The 
glycogen hydrolyzed in the intoxicated livers was, therefore, extracellular and 
accessible to diastase, while the intracellular glycogen in normal livers was not 
accessible. 

The measurement of blood diastase may be of some clinical value in the 
diagnosis of diseases of the pancreas. In acute pancreatitis its concentration 
is distinctly increased (83, 213, 629, 641, 645) for a variable interval. In 
chronic diseases of the organ blood diastase is less consistently affected. Sorkin 
claims that it is persistently high in carcinoma of the head of the pancreas. 
Reports of the value of blood diastase measurements are extremely variable. 
Differences of opinion may arise partly from the use of methods of questionable 
reliability, partly from features inherent in the production and elimination 
of blood amylase. Presumably excessive amounts of the enzyme gain access 
to the blood stream when its excretion into the duodenum is impeded by ob- 
struction of the ducts, owing to inflammatory' swelling of the gland, hemorrhage 
or direct obturation. But this requires that there be a certain amount of 
secreting glandular tissue. The excretion of diastase in the urine ordinarily 



212 


CARBOHYDRATE 


parallels its concentration in the blood and, therefore, serves as a measure 
of the latter so long as renal function is unimpaired (629). because the con- 
centration of diastase in the blood is relatively constant, its excretion in the 
urine has been used as a measure of renal function (242, 264). It is not, how- 
ever, as practical or sensitive as the methods generally in vogue. 

Meiilurias due to excretion of carbohydrates other than glucose 

Sporadic positive copper reduction tests in normal urine from substances 
other than glucose are not rare. The experienced analyst may recognize them 
at times by noting that the precipitate formed during the qualitative test with 
Fehling’s or Benedict’s solution is unusual in its appearance or manner of 
development. In many instances the reducing substances are merely normal 
constituents of urine that have for some reason become unusually concen- 
trated; sometimes they are saccharides which have been taken in excessive 
quantities. Certain persons regularly excrete in the urine sugars or reducing 
substances other than glucose: fructose, pentoses, less frequently galactose, 
maltose, sucrose, or glycuronic acid. These mclitunas must be regarded as 
signs of some physiologic abnormality. They are, however, usually symptom- 
less and, therefore, hardly deserve to be placed in the category of disease. 
Their chief importance lies in the fact that they may be confused with diabetes. 
In general they can be differentiated from the latter by the absence of asso- 
ciated symptoms and hyperglycemia. More specifically they can be dis- 
tinguished by the fact that those sugars other than glucose which most fre- 
quently appear in the urine arc not fermented by yeasts as rapidly as is glucose. 
The simplest and most generally applicable method for the differentiation of 
other reducing substances from glucose is, therefore, the technique of quick 
fermentation (see Methods); although determination of rotation in the po- 
lariscope after clarification of the urine may suffice. Further information may 
be secured from a glucose tolerance test. If the urinary’ sugar is not glucose, 
the blood sugar curve after glucose should be normal and the melituria should 
be unaffected by the administration of glucose. If the concentration of the 
reducing substance is small, it may be hard to identify. 

Failure to recognize abnormal types of melituria has led to the administration 
of insulin in more than one instance. This will only produce hypoglycemia 
with characteristic symptoms without diminishing the melituria if the sugar 
in the urine is not glucose The diagnosis may be complicated by the simul- 
taneous existence of true diabetes (479, 518). 

Pentosuria. Pentoses are widely distributed in the vegetable kingdom; 
polymerized in the form of pentosans they are the chief constituents of vege- 
table gums, such as gum arable and gum tragacanth. Since pentoses are not 
completely burned in the body, they may appear in the urine after the ingestion 
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of large amounts of fruits, berries, etc. In this case the pentoses excreted are 
commonly Aarabinose or /-xylose. 

Certain persons, however, excrete pentose constantly, regardless of the diet. 
The first case of essential pentosuria was described in 1892 by Salkowski (591). 
By 1922 Greenwald (288) found in the literature 35 cases, to which a number 
have since been added. In the great majority of cases the pentose in the urine 
has proved to be d-xyloketose (30, 289, 327, 634), although Enklewitz and 
Lasker (218) identified /-xyloketose in a group of patients and Levene and La 
Forge (425) in one instance found d-ribose. Since the last of these is a normal 
constituent of some of the nucleins of tissues, its excretion might signify some 
aberration of the intermediary metabolic processes in which these compounds 
are involved, a theory originally proposed by Salkowski (591). This would 
not, however, so easily explain the excretion of xyloketoses. Because pen- 
tosuria was exaggerated by administration of amidopyrine, antipyrine, borneol 
and menthol, all of which elicit excretion in the urine of glucuronic acid, Enkle- 
witz and Lasker (218) have concluded that this is the parent substance. In 
their cases feeding d-glucuronate did increase the pentosuria. Margolis (480) 
has also reported one case in which amidopyrine augmented the excretion of 
pentose. 

Pentosuria is a symptomless condition that apparently has no ill effects of 
any kind (634). It can be distinguished by the presence in the urine of a re- 
ducing sugar that is fermented with difficulty, reacts with orcinol and with 
aniline acetate, and yields a phenyl osazone that melts at 158°C. (288, 591). 
Pentosuria is also distinguished from most other meliturias in being unaffected 
by diet. 

Because pentoses are excreted so rapidly, the non-fermen table reducing sub- 
stances of the blood are not appreciably increased in patients with pentosuria 
(236). 

Fmciosuria. A moderate number of cases have been reported in which 
levulose is excreted in the urine in high concentration (15, 70, 203, 288, 321, 
479, 623). Fructose is most easily differentiated from glucose by its optical 
rotation (specific rotation — 90°, compared with. +52° for glucose). It can not 
be distinguished by fermentation because it is fermented as readily as glucose 
by yeast. 

The melituria is alimentary in character, that is, the sugar appears in the 
urine only after the ingestion of fructose or sucrose and disappears if these are 
withdrawn from the diet (15, 321, 623). For this reason the urine in fructosuria 
is usually free from sugar in the postabsorptive state. Fructosuria is not, 
however, an entirely benign disorder like pentosuria, because fructose may 
compose such a large proportion of the carbohydrate in some diets. It may 
reach a concentration of as much as 3.5 per cent in the urine (288). In a case 
reported by Heeres and Vos (321) 14 per cent of ingested fructose was excreted 
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in the urine. The glucose tolerance in most cases is normal; but mild {ructo- 
suria has been observed in conjunction with diabetes (479). After fructose 
or sucrose the blood sugar rises further than it docs in normal persons, but the 
sugar in the blood is fructose, not glucose (15, 623). The disorder, therefore, 
must arise from some fault in the process by which fructose is utilized immedi- 
ately after ingestion. The fructose that may be secondarily formed in the 
intermediary metabolic reactions of tissues does not seem to be involved. The 
only light on the nature of the disturbance is found in the observations of Ed- 
hem (203) and Blatherwick (70) and their associates that blood lactic acid does 
not rise so much after administration of fructose or sucrose in persons with 
fructosuria as it does in normal subjects. This may signify that in the patient 
with fructosuria one of the channels usually available for the disposal of fruc- 
tose is dosed. 

Maltosuria has been reported in a number of persons (288); but in most 
instances the sugar has not been satisfactorily identified. The appearance of 
disaccharides in the urine after their ingestion can only denote some defect 
in the absorptive mechanism of the intestines, since these sugars can not or- 
dinarily gain access to the body until they have been hydrolyzed. 

Galactosurta with excessive alimentary galactosemia has been observed, but 
usually as a symptom of intestinal or hepatic disease (481) (see diseases of 
liver, below). 

Mason and Turner (484) reported an infant with chronic galactemia asso- 
dated with hepatomegaly, icterus, splenomegaly, moderate osteoporosis, galac- 
tosuria and albuminuria. When milk, was withdrawn from the diet these dis- 
orders ceased. Since persistent galactosemia in animals has serious patho- 
logical consequences, a disorder that retards the utilization of galactose can 
not be regarded as an innocent anomaly of metabolism. 

Sucrosuria is an extremely rare anomaly. The subject has been recently 
reviewed by Elmer, Krasowska and Ptaszek (214) in connection with the 
description of a case. The condition is usually altogether alimentary in origin, 
the sugar appearing in the urine only after it has been taken in the food. The 
glucose tolerance test is quite normal. The disorder is more difficult to diag- 
nose than other meliturias, because sucrose reacts to the usual reduction tests 
only after hydrolysis In the case reported by Elmer and his associates atten- 
tion was called to the condition by the presence of obvious diabetic symptoms, 
polyuria and polydipsia, with a urine that did not reduce copper solution. 
After hydrolysis of the urine the reduction test was positne. After adminis- 
tration of sucrose blood glucose did not change, but hydrolyzable sugar in the 
blood rose. The respiratory quotient also rose less after sucrose than after 
glucose. Sucrosuria, like fructosuria, is more serious than other abnormal 
meliturias and more apt to be associated with symptoms, because sucrose is 
so much used for sweetening in the ordinary dietary. 



PHYSIOLOGY 


215 


Elmer et al. mention certain cases which have been described as endogenous 
sucrosuria in which, although sucrose is excreted only after ingestion of this 
sugar, the sucrosuria may be aggravated by administration of glucose. Reiner 
and Weiner (560) have reported an infant who excreted sucrose in the urine 
when either fructose or sucrose was given. This anomaly defies explanation. 
The common type of sucrosuria can be regarded as a defect of absorption by 
which sucrose is permitted to enter the body before it has been hydrolyzed. 
The excretion of sucrose after ingestion of fructose requires that the organism, 
in addition to the defect of absorption, possess an abnormal enzyme system 
or the power to reverse the usual action of the intestinal enzymes that hydro- 
lyze sucrose. 

Glucuronic acid. Glucuronic acid is found in urine only in conjugated form, 
combined in glucoside form through the aldehyde group with phenol, camphor, 
or a number of other substances with alcoholic OH groups. Some substances 
of aldehydic or ketone nature, such as camphor, are reduced to alcohols in the 
body and excreted as glucuronates, while aromatic hydrocarbons, such as 
benzene, appear capable of oxidation to phenols, which then condense with 
glucuronic acid. Since the aldehyde group of glucuronic acid is covered by 
the condensation, the conjugated glucuronates do not reduce alkaline copper 
solutions. Presumably each conjugated glucuronate is formed by condensation 
of the aldehyde group of glucose with the alcohol group of other substances, 
followed by otidation of the terminal alcohol group of the glucose to a carboxyl 
group. If oxidation preceded conjugation, the more reactive aldehyde group 
of the glucose would probably be oxidized, rather than one of the alcohol 
groups. 

The conjugated glucuronates are lcvorotatory. Hydrolysis by boiling with 
1 per cent sulfuric acid sets free the glucuronic acid, which has the same re- 
ducing properties as glucose. 

Tin: EFFECT OF INTERNAL SECRETION'S ON THE METABOLISM OF 
CARBOHYDRATE 

Tke pancreas and Ike nature and action of insulin 

The production of amylase by the pancreas, its action as a digestive enzyme 
in the intestines, and its probable leakage into the blood have already been 
discussed. That the pancreas, in addition, supplies the organism with a hor- 
mone that facilitates the utilization of carbohydrate by the tissues was proven 
by the classical experiments of von Mering and Minkowski (495, 502) in which 
a condition resembling diabetes was produced in dogs by removal of the pan- 
creas. That this hormone is elaborated by the islands of Langerhans and that 
it can be extracted from the pancreas was demonstrated by the equally epoch- 
making work of Banting and Best (34). 
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Nature of insulin. Insulin is a protein with a molecular weight, according 
to Sjogren and Svedberg (625) of about 55,000, of the same order of magnitude 
as that of egg-albumin. It can be crystallized in the presence of zinc, nickel, 
cobalt or cadmium (605). The amino adds which have been recovered from 
hydrolysates arc arginine, tyrosine, cystine, glutamic add, histidine, lysine 
(375), phenylalanine ahd proline (376). Together these account for prac- 
tically the whole molecule. Neither tryptophane (375) nor methionine (698) 
can be detected. Cystine accounts for all the sulfur (500), Because strong 
alkalies and other measures that alter the nature of the sulfur-linkage destroy . 
its activity (375, 696) it has been suggested that glutamic add and cystine 
are linked together in the molecule as they are in glutathione (375). Stem 
and White (661) have found that acetylation of the free amino groups leaves 
the activity of insulin intact; but that activity diminishes progressively as the 
phenolic hydroxyl groups (presumably of tyrosine) are acetylated. 

Zinc or some kindred metal, though essential for the crystallization of insulin, 
is not essential for its activity; amorphous products, free from these metals, 
are effective. Nevertheless, since the pancreas ordinarily contains a higher 
concentration of zinc than most organs do (239, 60S), it is not improbable that 
the natural hormone contains this metal. In crystalline insulin the quantity 
of zinc is molecularly proportional to the amount of insulin, hence the two must 
be combined (606). It has been claimed that insulin, or a material having a 
similar action, can be extracted from organs other than the pancreas in both 
normal and diabetic subjects; but Best, Jephcott and Scott (59) were unable to 
extract any such materials from tissues other than pancreas by methods that 
gave a maximum yield from the pancreas. 

How or whether a protein molecule of this size can penetrate the cells willim 
which it appears to perform its unique functions is still a matter for conjecture. 
Of course the purest product thus far evolved may not be identical with the 
hormone secreted by the Hands of hangerhans. Although division of the 
molecule in the test tube by chemical procedures invariably destroy its ac- 
tivity, specific enzymes in the body may be able to separate it into smaller 
aggregates which retain their potency. The progressive reduction of activity 
as the hydroxyl groups were successively blocked by Stern and White (661) 
suggests that the vitality of the hormone depends not on complete integrity, 
but on the retention of certain characteristics that are segmentally distributed 
in the molecule. It has not proved possible, however, to digest and repeptize 
a potent product by the methods which Salter so successfully applied to thyro- 
globuUn. 

Insulin is quantitatively effective only if it is injected intravenously or 
subcutaneously. By various treatments aimed to protect the protein from the 
action of the digestive secretions or by giving it in special solvents (170, 412, 
519) demonstrable effects have been secured by peroral administration. But 
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these have been extremely variable and insignificant compared with the quan- 
tities of insulin given. Some effect has been claimed from intranasal applica- 
tion; but this is also an uneconomical and unreliable mode of administration 
(474). As a protein insulin is susceptible to the action of the digestive secre- 
tions. When it is protected from these, it is not effective, presumably because 
its molecular size prevents its absorption in appreciable quantities without 
preliminary digestion (73, 89, 311). 

Differences tn reactions of various species to removal of the pancreas. Although 
the processes of carbohydrate metabolism and the action of insulin upon them 
are qualitatively similar throughout the animal kingdom, there are gross 
quantitative differences in the reaction of various species to removal of the 
pancreas. The dog, which has received the greatest attention, after this 
procedure exhibits intense hyperglycemia, glycosuna.ketonuria and acceleration 
of nitrogen catabolism (36). The cat follows a somewhat similar pattern. 
Lukens (451) has shown that the goat, which ordinarily has an extremely low 
blood sugar, develops only slight hyperglycemia and glycosuria and minimal 
ketonuria when its pancreas is removed. Urinary nitrogen increases, but not 
to the extent that it does in the dog. The pig reacts much like the goat except 
that it develops striking ketonuria (450). The rabbit survives pancreatectomy 
for a long time without insulin, with profuse glycosuria unattended by ketonuria 
(285). In the duck, after removal of the pancreas it is hard to detect any 
disturbance of metabolism (510). The owl subjected to the same procedure, 
develops extreme hyperglycemia if given large amounts of food, but may even 
die in hypoglycemia if deprived of food (524). These distinctions between 
species must be considered in the interpretation of all experiments; analogies 
must be drawn with caution. Presumably the monkey should be the closest 
analog)- to man. The fed macacus rhesus exhibits striking glycosuria with only 
mild ketonuria after pancreatectomy; serious ketosis appears only if the animal 
is deprived of food (509). In man also (see section on Diabetes, below) re- 
moval of the pancreas causes a relatively mild diabetes so long as carbohydrate 
is given. The distinctions between species appear to be related to differences 
in the inherent metabolic processes upon which the action of insulin is super- 
imposed. These processes, which are the result of evolutionary adaptations, 
preserve their distinctive characteristics, whether insulin is present or not. 
Insulin does not bring them into existence, but, by accelerating certain of them, 
imparts to the metabolism as a whole a preponderant direction. 

The effect of removal of the pancreas. Immediately after the removal of 
the pancreas of the dog, the animal which has been most intensively inves- 
tigated, the respiratory quotient falls to approximately 0.71, denoting the 
combustion of fat without carbohydrate (36). When carbohydrate is given 
it is excreted almost quantitatively as glucose in the urine; when it is not given, 
sugar formed from protein is excreted after the glycogen stores have been 
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exhausted. If the dog is fasted or receives only protein, glucose and nitrogen 
appear in the urine in relatively constant proportions, giving a G:N (glucose: 
nitrogen) ratio of approximately 3.0 (36). No evidence of carbohydrate com- 
bustion could be found by Chambers and associates (131) in the respiratory 
quotients of depancrcatized dogs during recovery. All these observations 
indicate that no carbohydrate is burned and that all materials that are sus- 
ceptible of conversion to carbohydrate are subjected to this transformation. 
This condition is generally termed complete or total diabetes. 

Obviously no diabetes can be complete in an absolute sense because certain 
tissues, notably the testes and the brain, continue to derive their energy en- 
tirely from carbohydrate or its products, even when the source of insulin is 
gone (261, 389). The respiratory, quotients of skeletal (337, S62) and cardiac 
(165) muscles, the greatest and most active metabolic mass in the body, do 
appear to approximate that of fat, 0.71. Even a qualified statement that 
carbohydrate is not utilized in the absence of the pancreas is not universally 
accepted. Soskin (646), in a study of depancrcatized dogs which received 
protein with occasional doses of glucose, found that the G:N ratios sometimes 
fell far below the figures usually given for the depancrcatized dog and that the 
R.Q.'s sometimes rose after glucose. In every instance, however, the R.Q.’s 
fell to 0.70 or lower at some time; in only 4 of the 7 dogs did they rise above 
0.73 at anytime, while in 5 they fell below 0.70. The evidence of carbohydrate 
combustion in these experiments is not convincing. Soskin and Levine (649) 
injected glucose into dogs from which liver and intestines had been excised 
and whose ureters had been ligated some time after removal of the pancreas. 
From the sugar given, the blood sugar, blood lactic add and muscle glycogen 
they estimated that the dogs utilized glucose when the blood sugar was suf- 
ficiently elevated. Their calculations, however, required a number of ques- 
tionable assumptions. Barker, Chambers and Dann (36), in an analysis of 
data on the behavior of fasting depancreatized dogs, accumulated in the Labo- 
ratory of Physiology at Cornell, found that when the animals became moribund 
thdr respiratory quotients frequently rose and administered glucose could not 
be recovered completely in the urine. Up to this point, however, respiratory 
quotients gave no indication of carbohydrate combustion, even after adminis- 
tration of glucose, and an average of 95 per cent (77 to 104 per cent) of ad- 
ministered glucose was recovered in the urine. G:N ratios, 2 to 3 days after 
removal of the pancreas, reached a constant value of about 2.8 (2.77 to 3.10), 
which persisted 5 to 7 days, after which it became irregular. Even when the 
metabolism of the depancreatized dog was accelerated by exercise, Canzonelli 
and Kozodoy (124) found that the respiratory quotient remained unchanged at 
figures that precluded combustion of sugar. Nevertheless, it would be rash to 
assert unequivocally that the utilization of glucose can not be initiated or 
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accelerated without the pancreas, even in the dog, if the blood sugar is suf- 
ficiently elevated. 

There can be no doubt that in other species than the dog and cat, variable 
amounts of carbohydrate are oxidized in the absence of the pancreas. Greely 
and Drury (287) could not recover in the urine all the glucose that they injected 
into eviscerated rabbits from which the pancreas had been completely removed. 
They estimated that enough was retained to account, if it was burned, for 
one-sixth to one-third of the oxygen consumed by the animals. The G:N 
ratio of the depancreatized goat is quite low and a part of injected glucose is 
retained by such an animal; but the phlorizinized depancreatized goat has a 
G:N ratio similar to that of the depancreatized dog (451). The most obvious 
distinction between the two is the concentration of glucose in the blood, which 
is somewhat elevated after removal of the pancreas, but depressed by phlorizin. 
The utilization of carbohydrate, therefore, is not abolished by removal of the 
pancreas; in some animals it is greatly impaired, in others it is reduced to a 
minimum. The defect involves particularly the process of combustion. 

Nitrogen excretion also increases when the pancreas is removed, as protein 
joins in the task of providing carbohydrate. This is, perhaps, more generally 
characteristic than any other disorder, occurring consistently and constantly 
in all animals thus far investigated. At the same time, in most species, ketone 
bodies increase in blood and urine. The eviscerated animal Jacks both pancreas 
and liver. It can, therefore, neither bum nor store carbohydrate, in contrast 
to the simply Hvertess animal which can bum, but can not store, carbohydrate. 
In both types of preparations the blood sugar falls rapidly if it is not sustained 
by injections of glucose. Frame (247) has shown that if eviscerated rats are 
kept alive by glucose injections the amino acids of the blood at first rise slowly; 
but, after an interval of about 3 hours, this rise is greatly accelerated. The 
administration of insulin prevents this secondary' acceleration. The absence 
of insulin, therefore, promotes the hydrolysis of protein in the tissues with 
liberation of free amino acids. 

Although the utilization of carbohydrate is impaired by pancreatectomy, 
many of the reactions involved in the metabolism of carbohydrate remain in- 
tact or are even accelerated. Because hepatic glycogen is depleted, it was 
held that glycOgenesis was retarded. This is refuted by the speed with which 
sugars other than glucose, non-carbohydrate precursors of glucose and protein 
are all poured into the common wasteful hopper of glucose; since none of these 
substances can form glucose until it has first been converted to glycogen by the 
liver. In fact the conversion of these substances to glucose through glycogen 
by the depancreatized animal constitutes the most convincing proof that they 
can form glucose. Galactose, for example, in the norma! animal gives rise to 
slight and transient galactosemia and minimal galactosuria; in the diabetic 
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animal it induces prolonged hyperglycemia and glycosuria (90, 402), Its 
conversion to glucose is not only unimpaired, but accelerated. The Hood 
sugar of the diabetic animal is continuously elevated, with no restraint except 
the constant drain of glucose through the kidneys into the urine. Neverthe- 
less, the action of insulin is not exerted directly to inhibit glycogen olysis since, 
under certain circumstances, it may promote this process. Moreover, phlorizin, 
without provoking hyperglycemia, accelerates gtyrogenolysis while insulin is 
available. Glycogenesis and glycogenolysis in the liv er appear to be mendicant 
or ministrant processes, responsive to every demand of the tissues for com- 
bustion of carbohydrate. In the depancreatized animal this response is a futile 
gesture; but the liver knows no utilitarian limitations. In no condition is the 
need for carbohydrate combustion more desperate and the hepatic response 
more generous than in the diabetic animal. The body is flooded with glucose, 
improvised from every possible source, as if in a vain effort, by the sheer force 
of mass action, to break down the barrier that blocks its utilization. It is this 
prodigal response that led to the belief that insulin promoted glycogenesis. 
In the diabetic animal glycogenesis is not retarded, but glycogenolysis is so 
enormously accelerated that the most vigorous synthetic activity can not main- 
tain the gljeogen reserves of the liver. Attempts to overcome the effects of 
glycogenolysis by administering glucose were unsuccessful until Mirsky, Hei- 
man and Broh-Kahn (506), demonstrated that the intravenous injection of 
glucose into depancreatized dogs diminished both ketonuria and nitrogen 
excretion. This indicated that hepatic glycogen was built up and, conse- 
quently, the destruction of protein to provide glycogen was checked. This was 
later verified by direct analyses of liver by Bodo, CoTui and Farber (80). 
Others had failed because the absorption of glucose given by mouth is too slow 
to overcome the constant leakage through the kidneys. Kosterlitz (401) 
succeeded by feeding fructose and sorbitol, although he failed with glucose. 

Wide both glycogenesis and glycogenolysis in the liver are accelerated, the 
formation of glycogen by the muscles appears to be retarded, but not abolished 
(4/6). Lukens, Long and Fry (455) found that for two hours after exercise 
the glycogen increased as rapidly in the muscles of diabetic cats as it did in the 
muscles of normal cats; but that it continued to rise further in the normal 
muscle. Muscles from dtpanCTeatucd animals are never entirely devoid of 
glycogen. 

When depancreatized animals are subjected to exercise, furthermore, the 
lactic acid in their blood increases (335). Lactic acid is also produced from 
glycogen in vitro by isolated muscle from depancreatized animals (562). Never- 
theless, the oxidative respiratory quotient of this muscle approximates that of 
pure fat. The lactic acid produced in the muscles must be reconverted to 
glycogen in the liver or utilized by organs that do not require insulin — e g., 
brain or testes— for it does not accumulate to excess in the blood. Himwich, 
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Koskoff and Nahum {338) showed {hat lactic acid is withdrawn from the blood 
by the livers of depancreatized dogs. Study of depancreatized animals, then, 
leads to the conclusion that the absence of insulin retards or abolishes, in 
muscles and other tissues that require this hormone, the terminal steps of the 
train of oxidative reactions that lead to the formation from carbohydrate of 
CO* and H;0 and the provision of energy. 

Just which link in the chain of intermediaiy reactions is ruptured is still 
unknown. If all carbohydrate which enters or is formed in the body appears, 
unburned, as glucose in the urine, the processes of carbohydrate metabolism 
in muscle can not advance beyond the point at which they are reversible. 
The anaerobic cycle can evidently proceed to completion, the lactic acid re- 
turning to glucose via liver glycogen. It would be compatible with known 
facts, but highly speculative, to postulate that the oxidative cycle is retarded 
in the depancreatized animal. The appearance of ketosis suggests that ketone 
bodies may be substituted in this cycle for compounds normally derived from 
carbohydrate. Such a retardation would tend to dam back all the antecedent 
reactions in the muscle. The hypothesis explains all the disturbances en- 
countered except the deficiency of muscle glycogen. 

Price, Cori and Colowick (553a) have recently identified the action, or one 
of the actions of insulin unequivocally. They have shown that both in vilro 
and in the living animal extracts of the anterior lobe of the pituitary inhibit 
the action of the enzyme, hexokinase, in the reaction 

hexokinase . 

Glucose * Glueose-o-pbosphaie 

(see page 112), Insulin, in turn, diminishes or abolishes this inhibitory action 
of the anterior pituitary hormone. This affords a partial explanation of the 
behavior of the Houssay dog (see below). It also accounts for the deficiency of 
muscle glycogen in the depancreatized animal. It does not, however, explain 
all the phenomena encountered in animals rendered diabetic by removal of the 
pancreas. Even the Houssay dog does not appear to oxidize carbohydrate 
in the normal manner or with the normal facility'. The dog without a pancreas 
or muscle from a depancreatized animal does not appear to be able to oxidize 
the muscle glycogen it possesses. Although it can degrade this glycogen — to 
lactic acid, at least — its respiratory quotient indicates that it oxidizes only fat 
to carbon dioxide. Finally, the peculiar susceptibility of the hypophysecto- 
mized animal to the hypoglycemic action of insulin is clear evidence that the 
pancreatic hormone must have a direct accelerating action on the combustion 
of carbohydrate that is independent of the action of the anterior pituitary 
hormone. 

It is necessary to presume that the mode of action of insulin is not uniform 
in all tissues. The glycolytic system of the red blood cells requires no insulin. 
Brain and testis also need no insulin, although the former at least contains 
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glycogen, and both derive their energy entirely from glucose and lactic add 
under all conditions (340, 341). The function of glycogen in the brain is quite 
obscure. Kerr and Ghantus (389) were unable to diminish or increase it by 
moderate doses of insulin, removal of the pancreas, or injections of phlorizin 
or adrenalin. Only by excessive doses of insulin was it reduced at all. Ac- 
cording to Cruickshank and Startup (165) the glycogen of heart muscle from 
the dcpancreatized dog, instead of being reduced, is abnormally high. Never- 
theless, this heart removes glucose from the blood more slowly than normal 
and has a respiratory quotient of 0.70. Hitmvich, Goldfatb and Fazikas (336) 
also found that in situ the diabetic heart withdraws both glucose and lactic 
add from the blood. Strips of such heart muscle in the Warburg apparatus 
yielded respiratory quotients lower than those of muscle from normal animals, 
but distinctly above the R.Q. of fat. 

The rdle of the anterior pituitary in the cffecti of pancreatectomy. The phe- 
nomena that follow removal of the pancreas can not be evaluated without 
consideration of the effects of the anterior pituitary upon metabolism. It was 
originally demonstrated by Houssay (349) that hypophyscctomy greatly 
ameliorates the disorders induced in the dog by pancreatectomy, regardless 
of the order in which the two operations are performed. The most striking 
beneficial effect is the prolongation of life; dogs have survived the double 
operation for years, whereas their survival after pancreatectomy alone is meas- 
ured in days. During this long survival ketosis and addosis are inconspicuous. 
Death is not attended by diabetic coma; it is more than likely to be associated 
with profound hypoglycemia, which may occur in fed, and is extremely common 
in fasted, animals. 

In spite of its tendency to hypoglycemia the “Houssay” animal does not 
oxidize carbohydrate as efficiently as the normal animal does. When it is 
given glucose its blood sugar rises excessively and glycosuria appears. The 
respiratory quotient, how ever, increases, sometimes to the normal extent. 
Long and Lukens (443) estimated that “Houssay” cats, receiving diets com- 
posed largely of protein and fat, utilized 1 to 2 grams of carbohydrate per kilo 
per day. There were marked individual variations. Some animals had almost 
normal carbohydrate tolerances, often associated with marked loss of body 
weight, owing to tire difficulty experienced in maintaining a noim&l supply el 
pancreatic digestive enzymes. It is, however, the reaction to fasting that dis- 
tinguishes the “Houssay” from the simply depancreatized animal. In the 
latter profuse glycosuria and ketosis prevail, while in the former glycosuria 
soon disappears, to be succeeded eventually by hypoglycemia requiring ad- 
ministration of glucose for its relief. 

The effect of total pancreatectomy in the dog and cat, therefore, can not be 
attributed to the absence of the pancreas alone; it is conditioned by the con- 
tinuing activity of the anterior pituitary. Removal of the latter creates a 
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highly unstable metabolic state in which the normal regulators of carbohydrate 
metabolism are withdrawn. In this state the organism oscillates widely 
between great intolerance for carbohydrate and a condition in which carbo- 
hydrate metabolism is inadequate for the minimum needs of the animal. 

The repressive effect of the anterior pituitary upon the utilization of carbo- 
hydrate can also be demonstrated in hypophysectomized animals. These 
have the same tendency as “Houssay” animals to develop severe hypoglycemia 
when they are fasted. . On the other hand, since they still possess insulin they 
have more than the normal capacity to oxidize carbohydrate and deposit less 
than usual as glycogen in the muscles (582). That carbohydrate utilization 
by the peripheral tissues is accelerated is attested by the fact that eviscerated 
hypophysectomized rats require about twice as much glucose as do simply 
eviscerated rats to maintain a normal blood sugar. 

The direct effect of the anterior pituitary hormones on the utilization of 
carbohydrate is also manifested in the reactions of normal and of “Houssay” 
animals to injections of both crude and purified extracts of this gland. Injec- 
tion of a crude extract of beef anterior lobes into hypophysectomized-depan- 
creatized dogs with attenuated diabetes is followed by a severe and usually 
fatal exacerbation of this disorder, characterized by profuse glycosuria, marked 
hyperglycemia, ketosis, acidosis and com a. This can leave little doubt that 
the anterior pituitary hormones directly inhibit the combustion of carbohydrate 
by the tissues without the intermediation of the pancreas. Similar extracts, 
when given to carbohydrate-fed animals, cause hyperglycemia, a fall of respira- 
tory quotient, and, in susceptible species such as the dog, profuse glycosuria 
and ketosis. 

The disturbances described by Houssay in his original experiments on the 
effects of anterior pituitary extracts on dogs were transient. Later Young 
(724, 725) showed that if such extracts are injected repeatedly for a long enough 
period dogs ultimately develop a diabetic state that persists after the injections 
are discontinued. This state, which is due to degeneration of the islet cells 
of the pancreas, is not to be confused with the primary effects of the extracts, 
which are exerted upon the extrapancreatic tissues. In less susceptible species 
such as the rat, although the utilization of carbohydrate is suppressed, long - 
continued injections do not cause permanent diabetes with degeneration of the 
islet cells, but rather hypertrophy of the islands of Langerhans. Just as the 
effects of total pancreatectomy differ from species to species, owing to the 
variable intrinsic action of the anterior pituitary on metabolism, so the effects 
of a diabetic agent such as anterior lobe extract may be modified by the vari- 
able resistance of the islet tissue of various species. 

The effects off total pancreatectomy are not, therefore, dependent solely upon the 
loss of insulin. This loss leaves other endocrine factors that suppress carbohydrate 
utilization to act unopposed, thereby exaggerating the intensity of the diabetes. 
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This is especially evident in those species or at those times in the life 0 / any 
species in which the action of the anterior pituitary gland on metabolism is 
particularly vigorous. This appears to be the case in carnivorous animals 
such as the cat and the dog, particularly in young and growing animals of these 
species. 

The action oj insulin in litro. For a long time attempts to demonstrate in 
isolated tissues any action of insulin which is relevant to its chief action in the 
intact animal were unsuccessful. Bach and Holmes (24) found that insulin 
diminished the formation of carbohydrate and the production of urea from ala- 
nine by slices of liver from rats, but did not affect the synthesis of carbohydrate 
from pyruvate or lactate. In liver slices from cats, Stadie, Lukens and Zapp 
(652) showed that insulin inhibited the deamination of rf-amino acids, d-ala- 
ntnc was dcaminated more rapidly by slices from the livers of depancreatized 
animals than by slices from normal livers. Normal cat liver formed glycogen 
from df-alanine, but depancreatized liver did not, even after the addition of in- 
sulin. In fact insulin had no effect upon the formation of carbohydrate by the 
liver. Since the d-amino acids are believed not to occur naturally in animal tis- 
sues, the significance of these discoveries is not clear. It was impossible to 
demonstrate that insulin had any effect upon the deamination of the naturally 
occurring amino acids, /-alanine, /-valine and /-leucine. By retarding the 
deamination of amino acids insulin may retard the formation of glycogen from 
this source. Stadie, Zapp and Lukens (654) showed that insulin inhibits the 
formation of ketones by slices of liver from cats. Baneda (39) claims that the 
glycogen of liver slices is not increased by insulin alone, but is increased if 
glucose is added with the insulin. 

Shorr and Baker (619) and Stadie, Zapp and Lukens (653) agree that the 
addition of insulin increases the consumption of oxygen by minced pigeon- 
breast muscle; but could demonstrate no similar effect on mammalian muscle. 
The claim of Stare and Baumann (657) that insulin has such an action, like the 
claim of Gemmill and Hamman (260) that it promotes the formation of glycogen 
from glucose by rat muscle in vitro, without increasing oxygen consumption, 
have not been verified. 

The first unequivocal demonstration of an in vitro reaction of insulin that is 
clearly relevant to its recognized effects in the living animal is the discovery by 
Price, Cori and Colowick (553a) which has been referred to above. 

The effect of injection of insulin. Insulin reverses all the disturbances pro- 
duced by removal of the pancreas, restoring the diabetic animal to a normal 
state. It initiates or accelerates oxidation of carbohydrate by muscles and 
other tissues, restores liver glycogen, diminishes nitrogen excretion and elimi- 
nates ketosis (35, 82). Many of these effects are, however, only secondary' 
sequeilae of the direct action of the hormone; its primary effect appears to be 
acceleration of the oxidation of glycogen by the tissues. /VI though it seems 
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to promote hepatic glycogen esls in diabetes, in the normal animal it tends to 
deplete liver glycogen. In the normal animal it provokes hypoglycemia; in 
the liverless animal it hastens the appearance of hypoglycemia (478). In 
fasting normal rats it tends to deplete liver glycogen by transferring it to the 
muscles, where it is burned with greater rapidity. In this respect it resembles 
other factors which accelerate carbohydrate combustion, such as exercise. In 
muscular exercise, however, the consumption of carbohydrate does not outstrip 
its supply because, as liver glycogen becomes depleted, the muscle turns to 
other fuel. Insulin, on the other hand, promotes consumption of carbohydrate 
so exclusively that this process outstrips the supply of glucose from the liver 
or continues after hepatic glycogen is exhausted. Consequently, if a large 
enough dose of insulin is given, the concentration of glucose in the blood may 
sink to the point of extinction (193), when symptoms of hypoglycemia appear. 
Bodo and Neuwirth (82) claim that after injection of insulin liver glycogen can 
not be maintained even when hyperglycemia is induced by simultaneous injec- 
tions of glucose. When Evans (227) injected glucose and insulin simultan- 
eously into rats the liver glycogen diminished progressively, although hypo- 
glycemia was effectively prevented by the glucose. According to BUrger and 
Kohl (116) injection of insulin into the portal vein causes hepatic glycogenol- 
ysis. These experiments suggest that the hormone has a specific glycogenolytic 
action upon the liver. In this case it would have to produce hyperglycemia, 
which it never does. It may be that, besides promoting combustion of carbo- 
hydrate by the tissues, it accelerates its conversion to fat. 

It has been established by Luck (172, 449) that the concentration of amino 
acids in the blood falls after injection of insulin (see figure 49). Since this 
means that protein is broken down less rapidly, replenishment of liver glycogen 
from this reserve source is retarded. On a given adequate diet rats store more 
nitrogen if they receive insulin (462). This confirms the evidence, obtained 
from experiments on depancreatized and eviscerated animals and from liver 
slices, that insulin inhibits not only proteolysis, but also deamination. Both 
of these actions will diminish the production of liver glycogen by animals 
without exogenous carbohydrate; but the actions are not exerted directly 
upon the process of glycogenesis. The formation of glycogen from glucose, 
fructose and other nonprotein substances proceeds in a normal manner (157). 
Sugars other than glucose will prevent insulin hypoglycemia. They will not, 
however, act as rapidly as glucose, because they can not be utilized by the 
tissues until they have been converted to glycogen and discharged as glucose 
by the liver. This conversion is not accelerated by insulin. Because it is 
transformed to glucose rapidly by the liver and to some extent by the intes- 
tines, fructose is an effective antidote for excessive insulin (153). Dihydroxy- 
/acetone acts much more slowly (157, 424). Insulin has no effect upon the 
disposition of ingested galactose. Therefore, although this sugar will sustain 
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the blood glucose and prevent hypoglycemia if given in sufficient quantities 
early enough, insulin hypoglycemia may be predpi tated while the concentrat ion 
of galactose in the blood is still greatly elevated (572). 

The production of carbohydrate starvation by insulin. So far can the de- 
glycogenating effect of insulin proceed that it may give rise to all the phe- 
nomena of carbohydrate starvation. After a period of over-insulinization, 
especially if this is prolonged, the ketones in the blood increase and gross 
ketonuria may appear (642). Glucose, given at this time, provokes prolonged 
and excessive hyperglycemia (87, 473, 533). These disorders occur, not while 
tike hormone is still highly active, but after its action is spent (460, 642). If 
glucose is given during insulin hypoglycemia the blood sugar rises and sugar is 
rapidly burned. If enough carbohydrate is given the whole effect of insulin, 
including dcglycogenation of the liver, can be reversed. If less is given hypo- 
glycemic symptoms may be overcome, but liver glycogen is left depleted 
because all the sugar is utilized immediately for combustion by the tissues, 
much as it is consumed when it is given during muscular exercise. After the 
effect of insulin has ceased, if enough has been given to exhaust liver glycogen, 
the animal is forced to turn its metabolism over to protein and fat, whereupon 
it behaves just as it does if it is brought to the same state by any other means. 

The diabetogenic action of insulin. By maintaining the blood sugar of par- 
tially depancrcalized dogs at subnormal concentrations for long periods (20 to 
40 weeks) by means of prolamine insulin, Mirsky and associates (508) suc- 
ceeded in establishing permanent diabetes. That is, when injection of insulin 
was discontinued, persistent glycosuria and the other phenomena of diabetes 
appeared. The pancreatic remnants in these animals were almost devoid of 
island tissue, the residual fragments being fibrotic. This was attributed to 
disuse atrophy. Reduction of carbohydrate tolerance has also been observed 
in nondiabetic human subjects after prolonged insulin therapy (445, 533). 
This disorder, however, was not permanent, nor is there any evidence that it 
was attended by anatomical injury to the pancreas. 

The degree to which insulin can accelerate the combustion of glycogen when an 
animal is receiving adequate or excessive amounts of carbohydrate is distinctly 
limited, since insulin does not increase appreciably the total oxygen consump- 
tion nor eliminate entirely the need for oxidation of protein. In normal rats 
Cori and Cori (160) were able to raise the rate at which intravenously injected 
glucose could be utilized only from 2.5 grams per kilo per hour to 3 grams by 
injecting insulin. For the same reason insulin has relatively little effect on 
alimentary hyperglycemia of normal subjects. So much is combustion of 
carbohydrate accelerated by a dose of glucose alone, that insulin can contribute 
but little (87). It does tend to curtail the hyperglycemia and to exaggerate 
the terminal hypoglycemic reaction. Drury and Greeley (196) injected into 
depancreatized dogs glucose and insulin so balanced that the blood sugar re- 
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mained at a constant normal concentration. They then tested the quantity 
of extra glucose required to prevent hypoglycemia after the injection of single 
extra doses of insulin. Measured in this manner, as the doses of insulin in- 
creased each added increment required less glucose to neutralize its action. 

Insulin and the conversion of carbohydrate to fat. There is, in the normal 
animal the possibility that carbohydrate, instead of being oxidized directly, 
may be converted to fat. This pathway for the utilization of sugar must be 
occluded in the absence of insulin if all or almost all the carbohydrate which is 
given to the depancreatized animal is excreted as glucose in the urine. Since 
the quantity of carbohydrate that passes over this route to combustion at any 
time can not be measured, it is impossible to learn whether production of fat 
from carbohydrate ceases in diabetes merely because the sugar is diverted to 
other purposes, or whether insulin directly facilitates the conversion of sugar 
to fat. The latter hypothesis is favored by Drury (195) because, when he gave 
insulin with large quantities of carbohydrate on alternate days to depan- 
creatized rats, more sugar was retained than could be accounted for as stored 
liver glycogen and burned muscle glycogen. In normal animals, however, the 
oxidative needs of the muscles and the glycogen stores of the liver appear to 
have a prior lien upon all carbohydrate that enters the body; only the super- 
fluity not required to meet these demands, according to current theory, is 
converted to fat. It does not follow from the experiments of Drury, therefore, 
that insulin implements this conversion; it may only, by reducing the demands 
of the tissues for sugar, release a fraction of the carbohydrate to be stored as 
fat. The conversion of carbohydrate to fat in the diabetic animal may be 
blocked because it can be effected only by the expenditure of energy that would 
have to be derived from the combustion of part of the sugar, which is precluded. 

There is a suggestion in the experiments of the Coris (160) and of Evans (227) 
cited above that insulin may directly promote the formation of fat. In neither 
was all the injected glucose burned; and in the experiments of Evans it was not 
used for the production of liver glycogen. 

Conditions that influence the action of insulin. The effect of insulin appears 
to be augmented by all conditions that ordinarily accelerate the utilization of 
carbohydrate and diminished by all conditions that retard its utilization. 
Carbohydrate starvation, for example, not only reduces glucose tolerance, but 
also the hypoglycemic action of insulin. Himsworth (331) found that in rabbits 
that had subsisted cn high fat diets the decline of blood sugar after insulin was 
unduly delayed and smaller than normal. Normal men who had received high 
fat diets responded less to a given dose of insulin than men who had received 
high carbohydrate diets (330). (See figure 26.) To a series of nondiabetic 
patients on diets containing various amounts of carbohydrate Himsworth and 
Kerr (332) gave, in the postabsorptjve state, 30 grams of glucose per square 
meter of surface area, with and without insulin. The hyperglycemic reaction 
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both with and without insulin diminished steadily as the carbohydrate in the 
antecedent diet increased from 50 to 500 grams. Simitar phenomena in rats 
have been described by Roberts and Samuels (568). 

In the fasting depancreatized dog the reduction of blood sugar after a given 
dose of glucose varies directly with the degree of initial hyperglycemia (197). 
The same is true of diabetic patients (392). Under these circumstances, of 
course, glucose is utilized for formation of liver glycogen as well as for com- 
bustion in the tissues. Both processes appear to be promoted by hypergly- 
cemia (649). Experiments of Soskin, AUweiss and Cohn (648), in which the 
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Fic 26 The action of 2,5 units of crystalline insulin on the blood sugar of a normat man 
Open circles after o high cadwhydrate diet (protein 90 grams, fat 42 grams, carbohydrate 
659 grams), solid cldcs after a high fat diet (protein 87 grams, fat 255 grams, carbohydrate 
56 grams) From Himsuorth (529). 

injection of extra glucose into depancreatized dogs, which where receiving 
balanced injections of glucose and insulin, was followed by a normal glucose 
tolerance curve, are susceptible to a similar explanation. The hyperglycemia 
induced by the extra glucose led to the deposition a£ glycogen in the liver. In 
the absence of the liver the same procedure led to prolonged hyperglycemia, 

It will appear later that exercise exaggerates the effects of insulin in diabetic 
patients. 

The effect of excessite doses of insulin . If excessive quantities of insulin are 
given to an animal carbohydrate consumption becomes so much accelerated 
that the blood sugar drops to extremely low concentrations (less than 50 mg. 
per cent by current analytical methods). Under these circumstances a variety 
of symptoms appear: hunger, sweating, nervousness and tremulousness, mental 



PHYSIOLOGY 


229 


confusion, and finally convulsions and coma. Death may result (467). These 
symptoms seem to be related directly to the reduction of blood sugar, since 
they also accompany the hypoglycemia that follows removal of the liver (91, 
477). In both instances they can be relieved by administration of glucose. 
For the liverless animal other sugars are of no value; the hypoglycemic symp- 
toms from insulin, on the other hand, can be overcome by the administration 
of other sugars, but only after these have been converted to glycogen by the 
liver and delivered into the blood as glucose (424). Dotti (193) claims that 
convulsions and coma do not occur until the blood is entirely free from glucose. 
Sunderman, Austin and Williams (669), however, have reported that when 
diabetic patients with extremely high initial blood sugars are given enormous 
doses of insulin without carbohydrate, they may develop symptoms resembling 
those of hypoglycemia while the concentration of blood sugar is normal or even 
moderately elevated. Similar phenomena have been witnessed in patients 
recovering from severe diabetic acidosis. This suggests that the onset of 
hypoglycemic symptoms may be determined by the concentration of glucose 
in the tissues, not in the blood. If the blood sugar is initially low the two 
should approximate one another closely; but if the blood sugar is initially high, 
while the tissues are utilizing glucose with great rapidity, the concentration 
in the tissues could conceivably approach the vanishing point while the concen- 
tration in the blood was still quite appreciable. On the other hand, some other 
cause than rapid consumption of glucose may be responsible for the phenomena 
described by Sunderman and his associates. The nature of the symptoms of 
hypoglycemia suggests that they originate in the central nervous system. 
Since the brain subsists entirely upon carbohydrate, elimination of glucose 
from the blood would deprive it of almost all fuel. According to Kerr and 
Ghantus (389) the glycogen of brain is unaffected by fasting, overfeeding, 
adrenalin, phlorizin, pancreatectomy, or glucose infusions with or without 
insulin. It can be reduced only by excessive doses of insulin. Himwich and 
associates (334) have shown that the bloodflow and the oxygen consumption 
of the brain are reduced during insulin hypoglycemia. Hemorrhages and 
necroses in the brain are found in animals which have been exposed to pro- 
longed insulin shock (29, 616). The deleterious effects of excessive doses of 
insulin must probably be attributed, therefore, to starvation of the brain, from 
the absence of its essential fuel. Reduction of the cerebral blood flow from 
circulatory collapse may be a contributory factor. 

Summary of the action of insulin. The chief action of insulin, then, appears 
to be the acceleration of the oxidative combustion of carbohydrate in muscles 
and tissues which regularly oxidize glycogen. In addition it appears to retard 
proteolysis in the tissues and deamination in the liver, thereby reducing the 
formation of hepatic glycogen from protein. It appears to have no direct effect 
upon the processes of glycogenesis or glycogenolysis in the liver. Production 
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of fat from carbohydrate is retarded when insulin is lacking. Whether insulin 
participates directly in this process or whether in its absence the process is de- 
celerated because carbohydrate is diverted to other purposes, has not been 
ascertained. Insulin may also retard the formation of ketone bodies from fat 
in the liver. In brain and testes carbohydrate can be burned without the aid 
of insulin. In all tissues the anaerobic degradation of glycogen or g!uco«c to 
lactic add requires no insulin. 

The counterreaction to insulin hypoglycemia and the fate of insulin. Insulin 
hypoglycemia initiates certain counterreactions. First among these is the 
production of lactic add as a result of muscular tremors and convulsions. 
This may serve as fuel for the brain and heart in the absence of glucose or may, 
after conversion to glycogen in the liver, be used to replenish the blood sugar. 
The counter-reaction to insulin has been ascribed to epinephrine because this 
compound breaks down glycogen and increases the production of lactic add in 
musdes (161). A large body of experimental evidence has been adduced that 
insulin and epinephrine are generally antagonistic, the former exerting a vago- 
tonic action. It has, however, been demonstrated that animals will recover 
from insulin shock after their adrenal medullas have been destroyed (727), or 
even after sympathectomy (SI). In the normal, fasting animal the depression 
of the blood sugar varies with the amount of insulin given only until a rather 
small dose is attained, because at this point the glucose of the blood is ex- 
tinguished. Beyond this insulin affects only the duration of hypoglycemia. 
When the blood sugar is maintained by administration of glucose, both the 
extent and the duration of the depression of blood sugar vary directly with the 
dose of insulin. After bringing the blood sugar of depancrcatized dogs to a 
constant level by continuous injection of balanced quantities of glucose and 
insulin, Drury and Greeley (196, 286) tested the rates at which extra glucose 
had to be injected to neutralize the effects of single doses of insulin. It was 
assumed that the action of the insulin was spent when it was no longer necessary 
to inject extra glucose. The intensity of the action of insulin was estimated 
in terms of the glucose required to prevent the blood sugar from falling. Both 
the intensity and duration of the action of insulin bore a hyperbolic relation 
to the dose given, each successive increment hating a diminishing effect. The 
action of insulin is not limited and terminated only by the counterreactions 
elicited by hypoglycemia; the hormone appears to be destroyed or eliminated. 
The former seems more probable, since none can be recovered from normal 
urine, and only equivocal amounts from the urine of diabetic patients who 
have received insulin (21, 169). From the nature of the curve of degradation 
Gteeley estimated that the rate of destruction or removal is directly propor- 
tional to the amount in the body at a given time; about 40 per cent of the 
amount in the body is destroyed in an hour. 
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The action of a single injection of insulin, then, is rapidly self-terminative 
(see figure 27) and can not be effectively prolonged by increasing the dose 
because the duration of its action is not a linear function of the dose, while the 
intensity of the reaction increases with the dose. If a dose large enough to be 
durable is given, there is danger of provoking serious hypoglycemia. If hypo- 
glycemic symptoms appear the counterreactions mentioned above curtail the 
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Fjg. 27. The action of 12 units of insulin on the blood sugar of normal adults in the post- 
absorptive state. Solid dots represent maximum and minimum values from 12 curves on 
9 men; open dots the same from 10 curves on 10 women. From Norgaard and Thaysen (532). 

action of insulin. It is possible, by continuous or frequently repeated injec- 
tions, to prolong the action of insulin and to control its intensity, at the same 
time effecting a considerable economy in the quantity used. By this method 
Greeley (286) was able to maintain the blood sugar of a depancreatized dog at a 
normal concentration for 6 hours with from 0.005 to 0.035 units of insulin per 
kilo of body weight. If carbohydrate is given in small divided doses or by 
continuous infusion at the same time large amounts can be burned at the ex- 
pense of comparatively little insulin (135, 196, 197, 211). This is not, however, 
a practical procedure for routine therapeutic or experimental purposes. 
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Longer acting (depot) insulins. Numerous attempts have been made to pro- 
long the action of insulin, most of which have utilized the principle of delaying 
the absorption of injected insulin by either combining it with some substance 
or suspending it in some solvent that reduces its solubility. Certain crystalline 
insulins are more slowly absorbed than the amorphous forms, but the differences 
are not great (8, 607). Heavy metals (71, 487), tannic add (64, 284) and alum 
(573) are among the materials that have been used. In 1936 Ilagedorn (297) 
reported success with a combination of protamine and insulin in the treatment 
of diabetes. The protamine, obtained from the trout, salmo iridens, combines 
with insulin in a hydrochloric acid solution at a pH of about 2.5 to form a com- 
pound which is only sparingly soluble at the reaction of the body, pH = 7.3. 
A suspension at this pH, if injected, appears to be dissolved and broken down 
gradually, thereby releasing its insulin quite slowly. It has since been demon- 
strated by Scott and Fisher (607) that protamines from other fish, as welt as 
related compounds, have an action similar to that of the protamine originally 
selected by Hagedorn. One of the most interesting is a spermine obtained 
from pancreas (240). The same workers showed that the addition of zinc still 
further delayed and prolonged the action of protamine insulin. Because sus- 
pensions of insulin in other media in which it is not soluble arc not as effective 
as protamine insulin, Fisher and Scott (240) believe that the virtues of the 
latter do not reside entirely in its insolubility, but in other properties of the 
compound. This view is supported by Sahyun’s (5S9) observation that clear 
acidified solutions of protamine insulin have a prolonged action like that of 
neutral suspensions. By means of insulins labelled with radioactive iodine, 
Reiner and associates (559) have shown that the duration of action of depot 
insulins is inversely proportional, while the intensity of action is directly pro- 
portional, to the speed with which they are absorbed from the site of injection. 
Further evidence of the slow absorption of protamine insulin is found in experi- 
ments by Allen and Vlcens (4). They found that amputation of the injected 
limb or excision of the area cf injection did not modify the effects of an injection 
of regular insulin, but did alleviate or eliminate the effects of an injection of 
protamine insulin. 

The relative effects of regular and protamine insulin upon the blood sugar 
o! normal and depancreatizcd dogs ait iWnsVrated in figwie 28, from lleri and 
Best (38S). A , which show s the effect of equal doses of regular and of pro- 
tamine insulin ujion a normal fasting dog, brings out clearly the more gradual 
and durable action of the latter. B shows the effects of equal doses of the tvv o 
insulins upon a depancreatized dog receiving regular feedings. Two points 
are noteworthy in this figure: first, the comparatively constant concentration 
of the blood sugar under the influence of protamine insulin; second, the extra- 
ordinary ability of regular insulin to counteract the effect of feeding, in contrast 
to the failure of protamine insulin to control alimentary' hyperglycemia. This 
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Fig. 28, The action of crystalline and of protamine zinc insulin upon the blood sugar of 
normal and of depancreatized dogs. A. The effect on the blood sugar of a normal dog of the 
injection of f unit of insulin per kilogram. Solid circles = cr> stalline, open circles = pro- 
tamine insulin. B. The effect on the blood sugar of a depancreatized dog of the injection 
of 30 units of protamine insulin (open circles) and 30 units of crystalline insulin (solid circles). 
I = insulin injection; F *» feeding. C. The edcct on the blood sugar of a depancreatized 
dog of the injection of protamine insulin (open circles) and protamine insulin with 15 per cent 
of free insulin (dosed circles), I « insulin injection; F =* feeding. From Kerr and Best 
(388), 

3$ more dearly evident from C, in which it is shown that the addition to prota- 
mine zinc insulin of a small amount of free insulin prevents alimentary hyper- 
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glycemia, maintaining a normal blood sugar throughout the full 24 hours. It is 
characteristic of protamine insulin that it can not meet sudden changes in the 
demand for carbohydrate combustion as the regular insulin can. It will be 
pointed out later that diabetic patients treated with protamine insub'n alone 
are most prone to develop hypoglycemic symptoms in the small hours of the 
morning, while they are asleep, or just after they awake. Mark (481) found 
that the all day blood sugar curves of a scries of patients given single doses of 
protamine insulin were surprisingly alike, whether the insulin was given at 
6 A.M., 8 P.M. or any intermediate time. Ricketts (565) claims that patients 
receiving single doses of protamine insulin develop more than the usual hyper- 
glycemia after meals. He suggests that the administration of protamine in- 
sulin suppresses the secretion of endogenous insulin in response to alimentary 
hyperglycemia. This is largely conjectural. 

Other preparations based on the principle of Hagcdom’s protamine have 
been presented by a number of workers. Bischoff (65) has proposed a histone- 
insulin. Vartiainen and Bastman (692) advocate a combination of insulin 
with zinc and arginine, this amino add having been selected because it makes up 
90 per cent of protamine. Bauman (45) has combined insulin with globin. 
All these compounds in varying degree resemble protamine insub'n in action; 
but none seems to have particular advantages over the latter. The globin 
insulin of Bauman, for example, has an action intermediate in duration between 
regular and protamine insulin (46). 

Implantation of insulin pellets prolongs the action of insulin but little be- 
cause this compound is so soluble (539). This prindple appears to be suitable 
only for lipoidal hormones of low solubility. 

The use of insulin in the treatment of malnutrition. Because hunger is one 
of the prominent symptoms of insulin hypoglycemia, injections of insulin have 
been recommended for the treatment of malnutrition. Increases of weight 
under this therapy, reported by Nahum and Himwich (522), were so large 
that they could not be attributed to the deposition of tissue. Obviously the 
increments were fluid, not tissue. Tisdall and assodates (680) could find no 
evidence of benefit from giving insulin to marantic or severely malnourished 
infants, a procedure that had been recommended (237). Freyberg (252) noted 
no improvement in the appetite and nutrition of tuberculosis patients subjected 
to insulin injections. Insulin provokes an immediate desire for food, which is 
rapidly satisfied, not a philological demand for surplus calories. Patients 
with chronic spontaneous hyperinsulinism may develop a habit of frequent 
eating that leads to obesity. 

The posterior lobe of the pituitary gland 

Both the pressor (pitressin) and the oxytodc (pitodn) prinriples of posterior 
pituitary extracts appear to induce hyperglycemia in normal animals (26, 276), 
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although there is some question which has the major effect. Holman and 
Ellsworth (343) found that oxytocic preparations of two different kinds had a 
hyperglycemic action about 20 times as great as that of pressor preparations, 
from which they concluded that the activity of the latter was referable entirely 
to contamination with oxytocic material. Thaddea (675), on the other hand, 
obtained little or no effect from oxytocic substance, but definite hyperglycemia 
from pressor substance. Bischoff and Long (66, 67) have demonstrated that 
pitressin is active. Whichever principle may be preeminent, the same effects 
are described for both. The blood sugar rises at the expense of liver glycogen 
(276, 409, 675). According to Bischoff and Long (66) lactic acid in the brood 
also increases. In these respects the action of pituitrin resembles that of 
epinephrine. This gave rise to the impression that it acted through the supra- 
renal medulla. This possibility is excluded, since neither destruction of the 
medullary portions of the adrenals nor total removal of the adrenals abolishes 
its effects (67). Sympathectomy also diminishes its action but little (26), 
In appropriate doses pituitrin prevents the hypoglycemic action of insulin (212). 
Like epinephrine it will raise the blood sugar of the depancreatized dog which 
has been treated with insulin. However, after insulin has been withdrawn 
for as much as 70 hours, it becomes ineffective, according to Irarie (364), 
presumably because the liver glycogen has been exhausted. In brief, posterior 
pituitary extracts resemble closely in their action epinephrine, but are far less 
potent and consistent than the latter (66). 

The anterior lobe oj the pituitary 

That the anterior lobe of the pituitary has a profound effect on carbohydrate 
metabolism has been long recognized (for early literature see Colwell (143)). 
The frequency of reduced carbohydrate tolerance, often attaining the severity 
of true diabetes, in acromegaly, and the fact that the glucose tolerance of ani- 
mals can be lowered by injections of extracts of the anterior lobe, were noted by 
Cushing (166) in his monograph in 1912. True realization of the nature of the 
action of anterior pituitary upon the metabolism of carbohydrate began, how- 
ever, with the discovery, by Houssay (349), that removal of the hypophysis 
suppresses or abolishes the diabetes of the depancreatized animal, and that 
alkaline extracts of the anterior Jobe cause hjperglycemia and glycosuria in a 
great variety of animals (348). It had been shown earlier by Ceiling, Camp- 
bell and Ishipawa (259) that hypophysectomized dogs are peculiarly sensitive 
to the hypoglycemic action of insulin. 

Removal of the hypophysis appears to abolish the restraints ordinarily 
imposed upon the oxidation of carbohydrate. The blood sugar of the hypo- 
physectomized animal tends to fall to hypoglycemic concentrations unless 
carbohydrate is given, but can be sustained by appropriate feedings (149, 241, 
439, 583). When such animals are well fed blood sugar, liver glycogen and 
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muscle glycogen remain normal (577), but when they are starved, as the blood 
sugar falls, liver glycogen becomes depleted (149, 577, 583). Intravenous 
injection of glucose induces a higher and more prolonged hyperglycemia and 
leads to the deposition of less liver glycogen in hypophysectomized than it does 
in normal rats (62, 583). Nevertheless, when hypophysectomized rats were 
given carbohydrate by Russell (577) they expended it with unusual rapidity. 
The excessive hyperglycemic reaction to glucose, therefore, must be attributed 
only to retarded hepatic glycogenesis. The operated animals, when fasted, 
lose more than the usual quantities of muscle glycogen and maintain higher 
respiratory quotients (241). The combustion of glycogen in the muscles does 
not cease, as it does in the normal animal, when liver glycogen is nearing ex- 
haustion; it continues until the glycogen of the muscles is also depleted (149, 
241, 577). At the same time liver glycogen is less assiduously preserved. In 
the absence of the pituitary sensitivity to the hypoglycemic action of insulin is 
greatly enhanced (127, 259, 333, 439); the sensitivity to epinephrine, as far 
as carbohydrate metabolism is concerned, appears to be unaltered (584) or 
slightly decreased (76, 128, 439). Just as a portion of the effects of pancreatec- 
tomy must be attributed to the release of the pituitary from the inhibitory 
action of the pancreas, so the effects of hypophysectomy may be regarded as the 
uncontrolled action of insulin. 

Hypophysectomy appears to accelerate the catabolism of protein, but this 
effect is mashed by certain other disorders that follow removal of the pituitary. 
Fasting did not significantly alter the nitrogen excretion of hypophysectomized 
rats studied by Fisher, Russell and Cori (241). The protein metabolism of the 
animals was not accelerated in the usual manner by starvation. Hrmsworth 
and Scott (333) ha\c observed that the hypophysectomized animal is not 
susceptible to starvation diabetes. The breakdown of body protein is not 
accelerated to maintain glycogen. Nevertheless, the blood sugar does not fall 
if sufficient protein is provided in the diet (650). Exogenous protein, therefore, 
is consumed in the usual manner. Again these effects may be ascribed partly 
to insulin. 

The state of protein metabolism after hypophysectomy depends largely upon 
the time that has elapsed since the gland was removed. Braier (97, 98), for 
example, found that the nitrogen excretion of dogs and rats, whose pituitary 
glands had been removed some weeks or months previously, was reduced by 
starvation or nitrogen-free diets. It has already been mentioned that others 
have found nitrogen excretions unchanged under these conditions. In point 
of fact the nitrogen excretion of the fasting rat is greatly increased immediately 
after hypophysectomy, but thereafter diminishes progressively. The anterior 
lobe of the pituitary produces a growth-promoting principle that enables the 
organism to synthesize and retain protein. The first effect of removal of this 
hormone is a discharge of protein from the tissues. The t subsequent decline of 
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nitrogen excretion is undoubtedly connected with the general decrease of 
metabolism associated with the atrophy of such endocrine organs as the adrenal 
cortex and the thyroid together with continued action of insulin. 

When crude saline extracts or neutralized alkaline extracts of the anterior 
lobe of the pituitary are given to hypophysectomized animals the disorders 
that have been described are reversed and the animals, as far as carbohydrate 
metabolism is concerned, are restored to a comparatively normal state (241, 
329, 649). Russell (S78) found that standard alkaline extracts restore and 
maintain muscle glycogen, but not liver glycogen, and do not sustain the blood 
sugar of hypophysectomized rats. These defects are, however, rectified by the 
administration of either adrenotrophic hormone or suitable adrenal cortical 
preparations (50, 442, 585). 

Removal of both pancreas and hypophysis of dogs by Houssay (63) yielded 
a far Jess severe diabetes than did pancreatectomy alone, with longer survival. 
The cat responds in a similar manner (443). Hypophysectomy does not 
directly or completely neutralize, but only modifies the effects of pancreatec- 
tomy. The Houssay dog, when fasted, excretes little or no glucose in the urine 
and has a normal or low blood sugar. Indeed hypoglycemia occurs frequently 
and is responsible for a certain number of fatalities (443). In addition the 
Houssay dog is extremely sensitive to the hypoglycemic action of insulin (37). 
Nevertheless, oral or parenteral administration of glucose causes excessive and 
prolonged hyperglycemia with glycosuria (37). If the initial blood sugar is 
high the blood sugar curve after glucose may resemble that of a diabetic animal 
and a large proportion of the administered sugar may be excreted in the urine 
(443). In spite of the sensitivity to insulin, insulin is required to prevent 
glycosuria entirely if the animal is fed (126). Chaikoff and his associates (126) 
found that liver glycogen is better preserved in the Houssay dog than it is in 
the merely depancreatized animal. The animal with neither pancreas nor 
pituitary excretes less nitrogen (443, 650) and less ketone bodies (126, 443) 
than the animal which lacks only the pancreas. When it is given protein a 
considerable amount of the glucose derived therefrom is excreted in the urine 
(4 43). Nevertheless, neither the fasting nor the protein-fed Houssay animal 
develops G:N ratios as high as those of the depancreatized animal. 

Removal of the hypophysis appears to increase definitely the ability of the 
depancreatized animal to burn sugar (443). According to Fazekas, Campbell 
and Himwich (234) the respiratory quotients of renal tissue from Houssay dogs 
in the Warburg apparatus indicated no combustion of glycogen, although lactic 
acid was formed. In similar experiments, however, Shorr, Richardson and 
Loebel (622) found that removal of the pituitary restores, at least partially, 
to the tissues of the depancreatized animal the ability to oxidize glycogen. 
Removal of the hypophysis appears to ameliorate the condition of the depan- 
creatized animal, not by restoring completely the particular function that is 
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fractured !iy removal of Insulin, but by rendering this function Jess essential. 
It does permit the oxidation of some carbohydrate; it diminishes the catabolism 
of protein and Hie production of ketone bodies in the phlorizinizcd as well as 
in the dcpancreatized dog (63). It appears to diminish the demand for com- 
bustion of carbohydrate. 

By injection of saline or alkaline extracts of the anterior lobe of the pituitary 
the “Iloussay” animal is returned to the totally diabetic st3te (440, 577). 

Injection of anterior lobe extracts was shown by Houssay (348, 349) to induce 
in normal dogs hyperglycemia, glycosuria and ketonuria. Subsequently he 
demonstrated that these extracts provoke hyperglycemia in many species, 
including the cat, pigeon, guinea-pig, rabbit, rat and mouse (350). The degree 
of disturbance of carbohydrate metabolism varies greatly from species to 
species. It is comparatively easy in the dog or cat to induce a diabetes ap- 
proaching in severity pancreatic diabetes (725). Glycosuria has been produced 
in rabbits (47). A comparable condition can be produced in rats with reason- 
able consistency only if a large proportion of the pancreas is first removed 
(442). The full action of anterior pituitary extracts is not immediate like 
that of insulin. Bergman and Turner (52) were able to raise the blood sugar 
of guinea pigs in as little as 6 hours. Others have claimed still more rapid 
effects, but the extracts they employed may have been contaminated with 
posterior lobe material (579). In the dog Houssay (348) observed hyper- 
glycemia only after injections had been continued for from 3 to 7 days. 

Although fasting dogs do not develop hyperglycemia (348), but may even 
develop hypoglycemia (312), after injection of anterior lobe extracts, especially 
if these arc rich in nitrogen-retaining growth factor, there is now good evidence 
that such extracts suppress the utilization of carbohydrate in the peripheral 
tissues. Russell (581) has shown that glucose is consumed about twice as fast 
by eviscerated hypophysectomized rats as it is by eviscerated normal rats and 
that this increased rate of utilization is reduced to normal by the administration 
of anterior pituitary extracts. In rats Russell (577) found that after such 
injections respiratory’ quotients fell and muscle glycogen increased, while blood 
sugar and liver glycogen remained essentially unaltered. It has already been 
mentioned that active anterior pituitary preparations cause, in addition to 
hyperglycemia and glycosuria, ketonemia and accelerated protein catabolism. 

If large enough doses are given they will not relieve the disorders of hypo- 
physectomy, but will induce diabetic phenomena in the animal without a 
pituitary (348). 

From a consideration of the effects on carbohydrate metabolism of bypo- 
physectomy and of the administration of anterior pituitary extracts, the overall 
actions of the active principles of the anterior lobe of the hypophysis appear to be: 
(a) retardation of the utilization of muscle glycogen, (5) diminution of the ability 
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to oxidize carbohydrate, (c) acceleration of the formation of liver glycogen from 
; protein . 

Pituitary diabetes, thus far considered, has been partial and self-terminative 
when, injections of extract were discontinued. In 1938 Young (724, 725) 
succeeded in producing in dogs, by prolonged injections of anterior pituitary 
injections, a diabetes that persisted indefinitely after administration of the 
extracts was discontinued. This diabetes was, in most respects, comparable 
in severity to that of depancreatized dogs. For example, the G:N ratios of 2 
of the permanently diabetic animals, when they were receiving only meat rose 
to 3.1; the glucose derived from the exogenous protein was apparently quanti- 
tatively excreted in the urine (482). On the other hand the pituitary diabetic 
animals, unlike the depancreatized, survived without insulin, retaining their 
vigor and losing no great amount of weight. In addition, when they were given 
preformed carbohydrate, they excreted only a portion of it as glucose in the 
urine. Finally, on a diet consisting almost entirely of fat, glycosuria and 
ketonuria diminished strikingly (482). Subsequent experiments have proved 
that differences between this type of pituitary diabetes and pancreatic diabetes 
are referable only to the absence of the digestive secretions in the latter. The 
susceptibility to permanent diabetes, like the susceptibility to hyperglycemia 
and glycosuria discussed above, vary greatly from species to specie s: dogs are 
almost universally susceptible, cats about 50 per cent, rabbits 25 per cent, 
while rats are almost universally immune (725). More recently Long, Katzin 
and Fry (442) have shown that permanent diabetes, like temporary diabetes, 
can be induced in a certain proportion of rats after subtotal pancreatectomy. 
The pancreas appears to be definitely implicated in the pathogenesis of the 
diabetes. Campbell and Best (120) found that the pituitaiy diabetes of dogs 
was not appreciably aggravated by removal of the pancreas. When the 
pancreas was examined, however, the islands of Langerhans proved to have 
suffered extreme hydropic degeneration. This is characteristic of the condition 
(189), the histology' of which has been described in detail by Richardson (563, 
564), Degenerative changes can be detected in the insular cells even before 
the diabetes becomes permanent; by the time it has reached the latter stage 
the islands may be entirely hyalinized. Best, Campbell and Haist (57) have 
reported, as the functional equivalent of these morphologic changes, that the 
quantity of insulin in the pancreas diminishes steadily to the vanishing point 
under the influence of anterior pituitary injections. In keeping with this 
Young (725) has observed that rabbits, after injections of pituitaiy extract, 
behave towards glucose administration like starved animals — that is, they do 
not have diminishing glycemic reactions to successive doses of glucose. It 
will be recollected that Best, Haist and Ridout (58) found the insulin greatly- 
reduced in the pancreas of starved mice. Haist, Campbell and Best (299) 
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also found that carbohydrate starvation protected dogs against the diabetogenic 
action of these extracts. Lukens and Dohan (453) discovered that cats de- 
velop permanent diabetes more slowly than dogs do and that for a certain time 
after its onset it recedes if injections of extract are discontinued. During this 
prodromal period thediabetes also ceases and the lesions in the pancreas regress 
if the animal is starved or fed a high fat-low carbohydrate diet, even if injec- 
tions arc continued. The diabetes can also be reversed or prevented by the 
administration of insulin (453) or, paradoxically enough, phlorizin (4S4). 
Because both insulin.and phlorizin are effective, Lukens has concluded that 
hyperglycemia or carbohydrate plethora are the features which effectuate the 
diabetogenic action of the anterior pituitary'. The injurious effect of this 
gland upon the pancreas, however, can not yet be definitely pinned upon hyper- 
glycemia or carbohydrate plethora. Gomori, Trcedman and Caldwell (275) 
observed that intraperitoneal injection of glucose into guinea-pigs was followed 
by degranulation of the beta cells of the islets of Langerhans and that the 
extent of degranulation roughly paralleled the degree of hyperglycemia. Hous- 
say and his associates (351) interpolated in the circulation of the neck of a 
depancrcatized dog pancreas from dogs which had been subjected to various 
procedures. The pancreas of a normal dog restored the blood sugar of the 
depancrcatized dog to normal in from 3 to 5 hours. The effects of pancreas 
from dogs which had received pituitary extract depended on the degree of 
diabetes which these animals had exhibited; those from dogs without diabetes 
acted like normal glands; those from dogs with permanent diabetes did not 
lower the blood sugar at all. finally the pancreas from dogs that had received 
prolonged injections of glucose acted just like the organs from normal dogs. 
This is to be expected if carbohydrate starvation reduces the insulin of the 
pancreas. If, however, pituitary diabetes arises from functional disability 
and anatomical injury of the islands of Langerhans, those phenomena which 
are common to pancreatic and pituitary diabetes, especially the diminished 
oxidation of carbohydrate, may be properly attributed in both conditions 
to deficiency of insulin. Haist, Campbell and Best (299) hold the opinion that 
permanent pituitary diabetes results from exhaustion of the pancreas, the 
islands being forced to secrete excessive amounts of insulin to resist the action 
of the pituitary. If, however, carbohydrate tolerance begins to fail only after 
the pancreas has begun to suffer, the argument falls. When attention is turned 
from carbohydrate to protein metabolism, two distinct phases of pituitary 
action can be distinguished. In the prediabetic stage nitrogen excretron 
diminishes; the balance of protein metabolism swings toward synthesis, pre- 
sumably under the stimulus of the growth-promoting principle (256). Only 
after the diabetes begins do nitrogen and ketones in the urine increase. Fur- 
thermore, pituitary extracts increase the insulin in the pancreas of hypophysec- 
tomized rats (292, 29S, 644), while hypophysectomy itself reduces pancreatic 
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insulin no more than would be expected from the malnutrition that accompanies 
it (298). According to the hypothesis of Haist, Campbell and Best (299), the 
prediabetic nitrogen retention might be attributed to increased secretion of 
insulin to meet the demands imposed by the pituitary extract; the subsequent 
nitrogen wastage would represent removal of the inhibitory action of insulin. 
Gaebler and Galbraith (256) have shown, however, that pituitary extracts 
augment glycosuria and nitrogen excretion by the depancreatized dog. The 
Houssay preparation, moreover, stands as incontrovertible evidence that the 
influence of the hypophysis on carbohydrate metabolism does not require the 
intermediation of the pancreas. There remains the possibility that the action 
of the pituitaiy may be conditioned by the presence or absence of insulin. 
Frame (247) found that pituitary extract per se did not influence proteolysis 
in the eviscerated rat, but it did enhance the inhibitory effect of insulin upon 
this process; the concentration of amino acids in the blood rose more slowly 
after pituitary extract plus insulin than it did after insulin alone. The demon- 
stration by Mirsky and his associates (508) that the partially depancreatized 
dog may be rendered totally diabetic by prolonged administration of protamine 
insulin, in contrast to the negative effects of glucose injections, also counsels 
caution in accepting the theory' of exhaustion atrophy which has so often proved 
fallacious in other connections. 

The nature of the diabetogenic action of the anterior pituitary. The application 
of such terms as “diabetogenic action” and “diabetogenic hormone” to the 
action of the anterior pituitary upon carbohydrate metabolism is unfortunate. 
On teleogical grounds it is unlikely that the function of any natural hormone 
should be the production of a disordered state. Such a concept can only divert 
attention from the true physiological action of the hormone. There is no 
doubt that excess of anterior pituitary extract will produce, at least in normal 
dogs; most of the disorders of metabolism usually' associated with pancreatec- 
tomy. These disorders require for their production, however, that the animals 
receive diets rich in carbohydrate; they do not occur or are slight on diets low 
In carbohydrate and do not appear at all in fasting animals. The anterior 
pituitary' hormones appear to reduce the capacity of the tissue cells to utilize 
carbohydrate, diverting them largely to fat as a source of energy. When the 
carbohydrate intake is high this necessarily gives rise to hyperglycemia and 
glycosuria. Long continued exposure to this combination of hyperglycemia 
with suppressed utilization of carbohydrate leads to degeneration of the cells 
of the islands of Langerhans, 

The metabolic activities of the anterior pituitary are numerous, since the 
gland secretes not only hormones that act directly upon the tissues, but also 
trophic principles that control the secretions of other endocrine glands such 
as the thyroid and the adrenal cortex. For this reason analysis of the actions 
of crude anterior lobes has been difficult and progress has had to await the 
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separation and purification of individual hormones. The evidence now indi- 
cates that one fraction, the growth hormone, possesses not only the ability to 
stimulate protein anabolism, but also the “diabetogenic” activity of the anterior 
pituitary. Li and Evans who have recently succeeded in purifying the growth 
hormone (434) find that, in addition to promoting growth and nitrogen reten- 
tion, it exaggerates the glycosuria of partially depancreatized rats (483). 
Since this preparation appears to be free from adrenotrophic hormone, the only 
other fraction likely to influence carbohydrate metabolism, it must be tenta- 
tively inferred that the primary action of the growth hormone includes the 
promotion of protein anabolism and the inhibition of carbohydrate utilization. 
The latter, however, is not the major action of the growth principle since pro- 
tein retention will follow its injection under conditions in which carbohydrate 
utilization is already reduced to a minimum: for example, in fasting (312) and 
in phlorizinizcd animals (257). When animals arc fasting or receiving low 
carbohydrate diets the diabetogenic action is in abeyance although the protein- 
anabolic effect is pronounced. The exact relationship between the protein- 
anabolic action and the suppression of carbohydrate utilization is still unknown. 
Protein synthesis may be preferentially coupled with oxidation of fat rather 
than carbohydrate, but there is only indirect evidence to support such a hy- 
pothesis. The advantages of a hormone that will limit the utilization of carbo- 
hydrate when the supply of this foodstuff is restricted are obvious. 

Further confusion arises from the paradoxical fact that an excess of anterior 
lobe extract, when given to normal fasting animals, not only fails to raise the 
blood sugar, but actually induces hypoglycemia. This reaction, which has 
been reported by several observers, is in part the basis of the claim by Ansel- 
mino and Hoffman (17) that the anterior pituitary gland contains a pancreo- 
trophic hormone that stimulates secretion of insulin. This claim rests in 
addition upon the hypertrophy of the islands of Langerhans that follows injec- 
tion of anterior pituitary extracts. Extracts rich in growth hormone, however, 
promote synthesis of protein. In the fasting animal, as Harrison and Long 
(312) pointed out, this is equivalent to the withdrawal of protein from the 
metabolic mixture. This must lower the blood sugar since, during fasting 
protein is the only source of glucose. In starving animals carbohydrate fur- 
nishes but a minute fraction of the caloric requirements. Any further sup- 
pression of its utilization is inconsequential in comparison with the withdrawal 
of some 30 per cent of the protein formerly burned. The blood sugar conse- 
quently falls, although the same amounts of the same extracts, if given to the 
same animals when they are receiving carbohydrate will provoke a prompt and 
prolonged hyperglycemia. 

Of the other anterior pituitary principles the thyrotrophic appears to have 
no effect that can not be ascribed to the calorigenic action of the thyroid gland 
(377, 726). The gonadotrophic principles can also be exonerated (726), Except 
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in so far as they must implement the production of lactose from glucose by the 
mammary gland the purest lactogenic preparations lack diabetogenic activity 
(53, 93, 377, 528, 726). They do, however, according to Young (528, 726) 
decrease sensitivity to insulin. Since the adrenal cortex has a profound influ- 
ence upon carbohydrate metabolism, adrenotropliic extracts might be expected 
to exert a similar influence. Jensen and Grattan (377) claim that, like extracts 
of the adrenal cortex, they inhibit insulin convulsions. Long (440) was unable 
to provoke glycosuria and ketosis with anterior pituitary extracts after re- 
moval of the suprarenal glands, suggesting that the anterior lobe acts, at least 
in part, through the intermediation of the adrenal cortex. Bennett (50), on 
the other hand, claims that anterior pituitary extracts induce glycosuria in rats 
lacking both pituitary and adrenal glands. Houssay and Leloir (352) report 
that diabetes induced in a dog by pituitary extracts will persist after the re- 
moval of both adrenals. These experiments must be discounted because, 
by the time a dog has become diabetic under the influence of pituitary extracts 
the disturbance can not be immediately reversed by any procedure. Grattan 
and Jenner (283) claim that adrenotrophic preparations increase liver glycogen. 
Corey and Britton (150) assert that these extracts are effective in this respect 
even after the hypophysis has been removed. Long and Lukens (443) could 
not alter the carbohydrate metabolism of hypophysectomized cats with adrenal 
cortical extracts even after the pancreas had also been removed. By suf- 
ficiently large doses of cortical extract, however, Lukens and Dohan (452) did 
succeed in aggravating the diabetes of adrenalectomized-depancreatized dogs 
and cats. Part of the effect of the anterior pituitary upon carbohydrate 
metabolism therefore, may be derived through its adrenotrophic activity or 
depends upon synergistic activity of the adrenal cortex. This does not, how- 
ever, explain its whole effect, and especially the power of extracts to produce 
a true diabetic condition, which is clearly a property of the growth-promoting 
principle. It remains to be fully explained how this principle, whose normal 
physiological action is to promote the synthesis of protein, comes to assume 
such a sinister rflle when given in excessive quantities over a long period. 

The adrenal medulla 

It was early discovered that the administration of epinephrine caused the 
blood sugar to rise rapidly, often high enough to provoke glycosuria. The rise 
obviously results from accelerated hepatic glycogenolysis, since muscle glycogen 
can not be mobilized into the blood as glucose. Moreover, adrenalin hyper- 
glycemia does not occur when the liver and its glycogen supply are cut out of the 
circulation (91, 139). Since the blood sugar tends to fall after adrenalectomy 
(155, 221) it was at first surmised that the adrenal medulla played an important 
part in the metabolism of carbohydrate, which was conceived as being under 
the dual control of the two opposed hormones, insulin and epinephrine. The 
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discovery that the effects of adrenalectomy depend almost entirely upon the 
loss of the cortex has compelled drastic revision of these views. Removal of 
the adrenals in Mo disturbs the metabolism of carbohydrate in a striking 
manner, but destruction of the medullary portions of the glands has an almost 
insignificant effect. Moreover, the disorders that follow adrenalectomy can 
be rectified by administration of salt and cortical extracts without the addition 
of epinephrine (580). 

Further confusion arose from the fact that after injections of epinephrine 
the respiratory quotient rose, suggesting that oxidation of carbohydrate was 
accelerated. When Cori (155, 156) investigated the subject directly in rats 
he detected no increased combustion of sugar. Glycogen was broken down 
in the liver to glucose and transferred to the muscles, but, in the latter, the extra 
glycogen instead of being oxidized, was merely broken down to lactic acid 
which was conveyed to the liver and there reconverted toglycogen. Therefore, 
although the initial action of epinephrine in the liver was glycogenolytic, after 
the cycle had been completed, hepatic glycogen stores were found to have gained 
at the expense of the muscles (156). Epinephrine appears to be concerned 
with the mobilization or transfer of glycogen, rather than its utilization. 

If the liver contains reserves of glycogen, epinephrine will counteract the 
hyp°g!ycemic effect of insulin. On the other hand, it has already been pointed 
out that recovery from insuUn hypoglycemia does not require the presence of 
adrenal medullary substance (51). Epinephrine also increases the excretion 
of glucose and nitrogen m depancreatizcd dogs, presumably by accelerating 
total metabolism and the destruction of glycogen in both liver and muscles 
(25), especially the latter (92). In the cat, according to Griffith, Lockwood 
and Emery (291), evisceration abolishes the hypcrlacticacidemia that follows 
injection of epinephrine in normal animals This led them to question the 
muscular origin of the lactic acid. This, howexer, seems to have been in- 
dubitably established by the studies of Cori (152, 156), Sacks (58S) and Boll- 
man, Mann and Wilhelmj (92). The last observers found that in the absence 
of liver epineplirine caused neither breakdown of muscle glycogen nor produc- 
tion of lactic acid. The action of epinephrine upon the muscles appears to be 
linked with the presence of the liver. Wren exercising subjects were given 
repeated doses of epinephrine by Dill, Edwards and de Meio (186), blood sugar 
and respiratory quotients rose less with each successive dose, suggesting that 
not only hepatic glycogenolysis but also the associated effects of the hormone 
depended upon the presence of glycogen reserves in the liver. This would 
seem to be at variance with the observation of Bollman, Mann and Wilhelmj 
(92) that muscle glycogen is broken down under the influence of epinephrine 
in the depancreatizcd animal with extremely depleted hepatic glycogen. In 
this animal, however, although the liver contains little glycogen, glycogen is 
produced with unusual speed and the blood sugar is continuously elevated 
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When glucose was given with epinephrine to depancreatized dogs liver glycogen 
increased, but muscle glycogen, nevertheless, was broken down (92). 

That epinephrine diminishes blood bicarbonate was shown by Peters and 
Geyelin (545), while Hubbard (357) showed that it provoked ketonuria. The 
reduction of bicarbonate results, in part at least, from displacement by lactic 
acid and ketone acids. Epinephrine may also stimulate respiration. In any 
case, since the rise of respiratory quotient which follows epinephrine is attended 
by reduction of both alveolar CO 2 and blood bicarbonate, it can not be inter- 
preted unreservedly as an indication of accelerated combustion of carbohydrate. 
A certain fraction, at least, of the extra CO 2 which appears in the expired air 
must arise only from bicarbonate which has been broken down and from pre- 
formed carbon dioxide that has been pumped out of blood and tissues. Ac- 
cording to Erichson (220) the respiratory and acid-base disturbances are com- 
pleted before the blood sugar curve has reached its peak. This was verified 
by Dill, Edwards and de Meio (186), who, nevertheless, claim that epinephrine 
does increase combustion of carbohydrate. In their experiments, subsequently 
repeated by Asmussen, Wilson and Dill (18), epinephrine was injected into 
normal subjects during moderate exercise. In every instance blood sugar, 
lactic acid and respiratory quotients rose, the last for only a short time. From 
overall respiratory quotients they estimated that a small amount of extra 
carbohydrate was burned under the influence of the hormone. Although it 
would be impossible to deny this unequivocally, there is some doubt whether 
the observations were prolonged until the normal resting state had been re- 
established. Courtice, Douglas and Priestley (163) from similar experiments 
concluded that the increases of respiratory quotient did not indicate greater 
combustion of carbohydrate, but could be accounted for entirely by the libera 
tion of C0 2 from bicarbonate through the action of lactic acid. Conn, Conn 
and Johnston (145) measured the gas exchange for periods of 4 hours after 
administration of glucose, epinephrine and a combination of the two. They 
found that although epinephrine caused a hyperglycemia equal to that induced 
by glucose, it did not increase, possibly even diminished, the combustion of 
carbohydrate. Whatever influence epinephrine way have upon the combus- 
tion of sugar, its preeminent effect is to mobilize liver glycogen and to promote 
the formation of lactic acid. Whether the oxidation of carbohydrate is in- 
creased or reduced, the great proportion of the extra glycogen mobilized from 
the liver and broken down in the muscles does not pass through the oxidative 
path of metabolism, but is diverted to lactic acid, even when oxygen is avail- 
able. The delivery of liver glycogen to the muscles and its unwonted passage 
to lactic acid may serve as an emergency mechanism or possibly as a device to 
accelerate the initiation of muscular activity. Epinephrine does not appear 
to have an important function in the continuing intermediary metabolism of 
carbohydrate. 
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The adrenal cortex 

That removal of the adrenals reduces blood sugar and apparently increases 
tolerance for glucose was known long before the importance of the adrenal cor- 
tex for carbohydrate metabolism was recognized (155, 221), the disturbances 
being referred to absence of the medulla. It was likewise learned that the 
adrenalcctomizcd animal is unusually susceptible to the hypoglycemic action 
of insulin (102). With the discovery of the essential nature of the adrenal 
cortex, and especially after potent cortical extracts had been prepared by 
Swingle and Hi finer (672), the interpretation of all the phenomena associated 
with Addison’s disease and with experimental removal of the adrenal glands 
had to be revised. 

The ejfccls oj adrenalectomy, so far as carbohydrate metabolism is concerned, 
resemble in many respects those that follow removal of the hypophysis. So 
long as the adrenalectomizcd animal is given enough carbohydrate, the blood 
sugar is sustained; but, when it is starved, hypoglycemia is likely to ensue (442). 
This tendency to hypoglycemia is accompanied by sensitivity to insulin (670). 
If the animal is examined during the hypoglycemic phase, it is found that not 
only the blood sugar, but also liver glycogen, is greatly reduced (442). The 
adrenalcctomized animal differs from the hypoph y sec t o mizod animal under the 
same conditions in that its muscle glycogen is better maintained, but this also 
suffers in the severe stages of adrenal insufficiency (442). Total metabolism 
and nitrogen metabolism are somewhat reduced (23). If carbohydrate is given 
it is consumed with unusual celerity. Absence of the gland, therefore, seems 
to accelerate the transfer of sugar from liver to muscles and the oxidation of 
carbohydrate, but inhibits or retards the production of glycogen from endog- 
enous sources. Perhaps it would be more exact to say that when exogenous 
carbohydrate is withdrawn, oxidation of carbohydrate is not retarded and the 
formation of glycogen from protein is not accelerated as they are in the normal 
animal. Administration of sodium salts, while it benefits the animals, only 
imperfectly remedies the disturbance of carbohydrate metabolism. Desoxy- 
corticosterone, which readjusts water and salt balances effectively, only par- 
tially guards against hypoglycemia. 

In 1935 Long and Lukens (443) reported that remoial of the adrenals greatly 
diminishes the severity oj the diabetes and prolongs the lives oj depancreatizcd cats 
if the animals are given enough salt and active cortical extract to protect them 
from the most deleterious effects of adrenalectomy. It was subsequently 
demonstrated that dogs reacted to these procedures in essentially the same 
manner (444). Adrenalectomy appears to have an effect upon diabetes quite 
like that of hypopkyscctomy. In the fasted animal the urinary excretion of 
glucose, nitrogen and ketone bodies diminishes; the blood sugar falls, fre- 
quently to hypoglycemic concentrations. Although the G:N ratio during 



PHYSIOLOGY 


247 


starvation may be quite low, it rises after the administration of protein, but 
not to the values encountered in simply depancreatized animals (443). 

When glucose is given to a normal animal that has receiied active adrenal 
cortical extract, less sugar than usual is oxidized, while liver glycogen increases 
more than it does in the untreated animal (580). The hormone, therefore, 
appears to promote hepatic glycogenesis predominantly. It seems to be 
especially concerned with the formation of glycogen from protein. Long, 
Katzin and Fry (442) have shown that the adrenalectomized animal does not 
break down protein to form glycogen to the normal extent under circumstances 
that ordinarily accelerate this process; fasting, phlorizin diabetes and pan- 
creatic diabetes. 

It has already been noted, in the discussion of the anterior pituitary, that 
Long and Lukens (443) were unable, by means of cortical extract, to induce 
hyperglycemia and glycosuria in hypophysectomized animals. Lukens (452) 
did, however, aggravate the diabetes of adrenalectomized-depancreatized cats 
by giving large enough doses of cortical extract. Corey and Britton (150) 
claim that such extracts will restore the liver glycogen of hypophysectomized 
rats. Conversely, by means of anterior pituitary extracts, Russell (580) suc- 
ceeded in building up muscle glycogen in adrenalectomized animals without 
appreciably restoring liver glycogen. Therefore, although the pituitary gland 
may act partly through the adrenal cortex by means of the adrenotrophic 
principle, both glands appear to have individual properties: the pituitary tends 
especially to maintain muscle glycogen, while the adrenal cortex protects and 
promotes the formation of liver glycogen. The pituitary is more strongly 
diabetogenic; presumably it more directly or more potently retards oxidation 
of carbohydrate because it destroys the pancreatic islands. 

In vitro studies oj tissues have thrown some light on the mode of action of the 
cortical hormone. Russell and Wilhelmi (587) have reported that kidney slices 
from adrenalectomized animals form carbohydrate more slowly from alanine 
and glutamic acid than do kidney slices from normal animals. On the other 
hand, both kidney and liver slices from adrenalectomized animals form carbo- 
hydrate at a normal rate from pyruvate (398, S8T), and fiver slices form glyco- 
gen normally from glucose, pyruvate and lactic add (398). Seckel (609) has 
reported that cortical extract inhibits glycogenesis in surviving slices of rat 
liver. From these experiments it may be inferred, tentatively, that the adrenal 
cortical hormone promotes deamination and the formation of glycogen from 
protein in the liver. 

By the use of sufficient quantities of extracts from the adrenal cortex it is 
possible to reverse effectively all the recognized disorders that result from 
adrenalectomy. From the adrenal cortex have been isolated a number of 
steroids, some of which possess most of the physiological properties of whole 
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cortical extracts; but each of these appears to be more potent in correcting 
certain particular disorders. Hartman and his colleagues (314) have separated 
cortical extract into two portions. One of these maintains the sodium concen- 
tration in the body fluids, the other has a greater influence upon carbohydrate 
metabolism and is more effective in prolonging life (313). Long, Katzin and 
Fry (442) have found that those cortical steroids that have an hydroxyl or 
ketone group on carbon 11 — c.g., corticosterone, 11-dehydrocorticosterone and 
ll-dehydro-17-corticosteronc— have a greater influence upon carbohydrate me- 
tabolism than those that do not. This has been confirmed by Kendall (387) 
and others. Ingle (365), indeed, has induced hyperglycemia and glycosuria 
in normal rats with ll-dehydro-17-hydroxycorticosterone, proving that this is 
a powerful diabetogenic agent. The steroids which act chiefly upon the bal- 
ance of sodium are not altogether without effect upon carbohydrate metabolism. 
Thorn, Koepf, Lewis and Olsen (678) found that, although desoxycorticosterone 
acetate corrects almost none of the abnormalities of sugar metabolism in Addi- 
son’s disease, it does maintain the life of patients with this condition and protect 
them against hypoglycemia if they are adequately fed. Britton and Kline 
(103) claim that, if adrenalectomizcd animals are regularl) treated with ade- 
quate doses of this compound, not only salt and v ater balances, but also carbo- 
hydrate metabolism, are restored to normal. Trom this and other evidence it 
appears that the two types of disorders are, to a certain extent, Linked together. 
It has proved possible to maintain dogs almost indefinitely without specific 
therapy on diets containing large amounts of sodium, but poor in potassium 
(5). Anderson, Herring and Joseph (11, 12) report that adrenalectomizcd 
rats, given proper quantities of sodium chloride, form liver glycogen quite as 
well as normal animals do. 

In summary the adrenal cortex appears to have two actions on carbohydrate 
metabolism: first, it inhibits the oxidation of glycogen by the muscles; second, it 
promotes the formation of liver glycogen, especially from protein. 

Sex hormone 

Certain of the steroid sex hormones, as might be expected from their chemical 
similarity to corticosterone, appear to have perceptible effects on carbohydrate 
metabolism, resembhng that of cortical extract. Gaunt and his collaborators 
have reported that estrogens augment the glycosuria of partially depancreatized 
ferrets (190), while progesterone increases liver glycogen of normal ferrets 
(258). According to Griffiths, Marks and Young (293) the estrogens also 
increase the liver glycogen of fasting rats. They also claim that stilbestrol 
has a similar action, while Ingle (365) states that this interesting compound 
is diabetogenic in both normal and partially depancreatized rats. In contrast 
to these observations, Nelson and Overholser (525) have asserted that estrin 
abolishes glycosuria and lowers blood sugar of depancreatized macacus rhesus 
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monkeys. Collens and associates’ (140) could demonstrate no comparable 
effect in human diabetes. Long (441) found that single injections of stilbestrol 
increased the liver glycogen of normal fasted rats but not of fasted adrenalec- 
tomized or hypophysectomized animals. On the other hand, Ingle (366) found 
that continuous administration of stilbestrol to partially depancreatized rats 
induced glycosuria, whether the adrenals were present or not. The effects of 
single injections may differ from those of continuous administration because 
of the deleterious action of continuous administration upon liver function. 
That long continued administration has an injurious effect upon adrenalec- 
tomized animals has been well substantiated. 

It has also been asserted that the female sex hormones which act by inhibiting 
the gonadotrophic activity of the anterior pituitary alleviate the diabetes of 
humans and of depancreatized animals. Barnes, Regan and Nelson (38) have 
claimed that amniotin will reduce the glycosuria of depancreatized dogs just as 
hypophysectomy does. This observation has not been generally confirmed. 

The thyroid gland 

The discovery that patients with hyperthyroidism have excessively high 
and prolonged hyperglycemic reactions (265, 374) gave rise to the general 
impression that overactivity of the thyroid gland interfered with the utilization 
of carbohydrate. Subsequent investigations have proved that this is an in- 
correct interpretation of the facts. The postabsorptive blood sugar of animals 
which have received thyroxine or other active thyroid preparations is normal. 
The excessive alimentary hyperglycemic reaction is partly referable to acceler- 
ated absorption of sugar from the intestine. Althausen (7), by measuring the 
residual sugar in the intestines of hyperthyroid rats, after administration of 
various saccharides, demonstrated that not only glucose, but also xylose and 
galactose, are absorbed at an accelerated rate by such animals. The excessive 
galactosemia that follows ingestion of the last sugar in hyperthyroidism can 
not, therefore, be interpreted as evidence of delayed hepatic glycogenesis. 
It has been generally held that the thyroid hormone has a specific deglyco- 
genating action in the liver. It seems probable, however, that this is no more 
than a manifestation of general acceleration of tissue oxidations. Richardson, 
Levine and DuBois (561), from measurements of the respiratory metabolism 
of byperthyroid patients 15 and 50 or 60 hours after eating, calculated the 
amount of preformed glycogen that must have been burned in these intervals. 
From these data they estimated that at the outset of the fast the patients must 
have had normal amounts of glycogen. The relation of liver glycogen wastage 
to accelerated metabolism is also brought out by the demonstration by Bansi 
and Wolter (33) that the basal respiratory' quotients of hyperthyroid subjects 
vary inversely as their rates of oxygen consumption. Oxidation of carbo- 
hydrate by the tissues is accelerated, not retarded. Coggeshall and Greene 
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(137) found tliat hyperthyroid rats which were given glucose intraperitoneally 
after a 48-hour fast stored less in their livers as glycogen than did normal rats. 
Although they interpreted this as evidence of increased glycogenolysis, it 
actually indicates only that the rats oxidized an unusually large proportion 
of the sugar, Mirsky and Broh-Khan (505) show ed that the blood sugar fell 
more rapidly in eviscerated rats which had received thyroid than it did in un- 
treated eviscerated rats. Like all the other phenomena of hyperthyroidism, 
the disturbances of carbohydrate metabolism have been attributed by some 
observers to stimulation of the sympathetic nervous system or the adrenals. 
The phenomena which have been described, however, are quite dissimilar from 
the effects of epinephrine. In addition, according to Thaddea and Waly (676), 
blood lactic acid in hyperthyroidism is not elevated. 

The literature contains many rejKJrts that the alimentary hyperglycemic 
reaction is reduced by thyroidectomy (265, 374, 688). In animals a definite 
increase in sensitivity to insulin, not referable to trauma was observed after 
complete thyroidectomy by Britton and Meyers (104). It is highly doubtful 
whether these disturbances can properly be attributed to absence of the thyroid 
gland per se. The sensitivity to insulin noted by Britton and Meyers persisted 
for only' 20 to 30 days after thyroidectomy, when it gave way to a heightened 
tolerance. In patients after total thyroidectomy Gilhgan, Abrams and Stem 
detected no abnormalities in fasting blood sugar, alimentary' blood sugar cun es 
(269) or response to insulin (2). 

To summarize, the thyroid hormone appears to accelerate the total energy ex- 
penditure and therewith the oxidation oj carbohydrate. It may' selectively favor 
the utilization of carbohydrate in much the same way that exercise does. 

Claims that the parathyroid glands influence carbohydrate metabolism, first 
advanced by Underhill and Blathenvich (688) have not been substantiated by 
subsequent investigators (142, 592). 

VITAMINS 

Some effect on carbohydrate metabolism has been claimed for almost every 
vitamin, chiefly on the ground that in deficiency states the alimentary’ glycemia 
curve departs slightly from the norm. In most instances the influence of 
nutritive disturbances or other disorders only' remotely related to the specific 
action of the vitamin in question have been neglected in the analysis of the 
blood sugar curves. Only one of the vitamins, B», or thiamin, appears to have 
a demonstrable direct effect upon the intermediary’ metabolism of carbohydrate. 

The nature of the action of thiamin has already been mentioned in the dis- 
cussion of pyruvic acid (see p. 208). In thiamin deficiency the concentration 
of pyruvic acid in blood and urine increases (125, 448) because this compound 
can not be utilized with the normal facility in the oxidative cycle of carbo- 
hydrate combustion. Ibis may not be evident in the postabsorptive state, 
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but only after exercise or the administration of carbohydrate. Bollman and 
Flock (88) found that the increase of pyruvic acid that attends the onset of 
muscular exercise was exaggerated in the vitamin Brdefirient rat, but that the 
general course of the pyruvic acid curve, including its return to the normal 
concentration, was not altered. Elsom and associates (215) studied a normal 
woman who subsisted for 4 months on a constant diet deficient only with respect 
to the vitamin B complex. At the end of this time the postabsorptive serum 
pyruvate was normal, but rose excessively after glucose. Similar curves have 
been demonstrated by Bueding, Stein and Wortis (112) inpatients with thiamin 
deficiency. 

In addition the concentration of lactic acid in the blood may be slightly 
increased (125, 215) in the postabsorptive state and may rise unduly after the 
administration of glucose (215). Stotz and Bessey (665) have shown that in 
both humans and pigeons, during exercise, pyruvic acid and lactic acid of blood 
rise in definite proportions. In humans, when lactic acid is less than 20 mg. 

per cent they follow a line defined by the equation pyruvic acid = 

which describes a curve that passes through the origin. When lactic acid 
exceeds 20 mg. per cent the relations of the two compounds are defined by the 
equation pyruvic acid *= 1 .05 + 0.0264 lactic acid. The authors have proposed 
that these equations be employed to evaluate blood pyruvic acid. When 
this is greater in relation to lactic acid than the equations predict, pyruvic acid 
is not being properly utilized. In pigeons similar equations proved better 
criteria of thiamin deficiency than did measurement of blood pyruvate alone. 
It was inferred that the same would be true in humans, but the method has not 
been put to the test. 

Numerous observers (112, 215, 42 2) have reported that in advanced stages 
of thiamin deficiency glucose tolerance curves arc unusual!}' high and pro- 
longed, indicating some impairment of the ability to utilize carbohydrate . 
These abnormalities can not arise from impaired absorption since they are quite 
as evident after intravenous injection of glucose (537). The disturbances are 
not great enough nor distinctive enough to be of diagnostic value. 

It has been suggested that thiamin promotes the formation of fat from car- 
bohydrate because when animals are given fat-free diets they do not lay down 
fat in their depots unless they receive thiamin. Boxer and Stetten (95) have 
shown that this defect depends not upon a specific action of thiamin upon the 
chemical reactions by which carbohydrate is converted to fat, but upon the 
stimulating effect of thiamin on appetite. When rats receiving thiamin were 
given only as much food as their pair-fed mates that received no thiamin both 
groups gained weight at the same rate and deposited glycogen and fat in equal 
quantities. (See also chapter on Lipids). 
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THE NERVOUS SYSTEM AND CARBOHYDRATE METABOLISM 

Claude Bernard’s (55) discovery that puncture of the floor of the fourth ven- 
tricle of the brain induces glycosuria was the first clear demonstration that some 
control of carbohydrate metabolism is exercised through the central nervous 
system. Since then hyperglycemia and glycosuria have been reported after a 
great variety of brain lesions which do not impinge upon the region of Bernard’s 
center. 

In the clinic hyperglycemia and glycosuria are observed frequently after 
injuries to the head varying from simple concussion of the brain to fractures of 
the skull (176), after cerebral and subarachnoid hemorrhages, and in the 
presence of brain tumors (31, 176, 235, 687, 720). Even encephalography, 
according to Bradley (96), causes striking hyperglycemia that lasts for some 
hours. In most instances the intolerance for carbohydrate is slight and transi- 
tory, varying somewhat with the severity of the injury. It is dou btful whether 
hyperglycemia and glycosuria provoked by general lesions can be attributed 
to the action of any specialized centers. Tychowski and Crowell (687) showed 
that cats develop hyperglycemia cither when the general intracranial pressure 
is increased or when the medulla is subjected to local pressure. Since any 
injury' which increases intracranial pressure may provoke transient hyper- 
glycemia and glycosuria, claims for the discovery of centers controlling carbo- 
hydrate metabolism based upon acute experiments must be discounted. There 
are, howeter, reports of more permanent disturbances of carbohydrate me- 
tabolism associated with intracranial lesions too small and too localized to 
increase intracranial pressure appreciably and loo remote to operate through 
Bernard’s center. This has led to a search for other centers higher in the brain 
stem, especially m the mid-brain. 

According to Daniel and Maxim (171) the blood sugar of the rabbit falls 
after decercbration Noltie (531) found that transection of the brain stem 
just above the pons caused hyperglycemia. Wien the section is made through 
the pons the blood sugar rises sharply (191, 531). This hyperglycemia is 
mitigated or abolished hy removal of both adrenal glands (192, 531), adminis- 
tration of atropine or ergolamine together with section of both vagus nerves, 
or by administration of amytal (192). By stimulation of the afferent nerves 
Brooks (107) induced hyperglycemia in cats. This was not abolished by 
division of the brain stem above the medulla; but disappeared if section was 
made at lower levels. These experiments suggest that there is in the medulla 
of cats and rabbits a center, probably Claude Bernard’s, which, in response to 
afferent stimuli brought over the vagus nerves, promotes hepatic glycogenol- 
ysis This hyperglycemic mechanism seems to be held in restraint by centers 
liigher in the brain stem. Of 55 cats in which Barris and Ingram (42) produced 
hypothalamic lesions by the Horsley-Clarke technique, 42 developed a seif- 
terminative hyperglycemia; 10 developed hypoglycemia. The latter was 
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somewhat more frequent if the lesions were in the anterior portion of the hypo- 
thalamus. The hypoglycemic animals were abnormally sensitive to insulin 
and manifested less than the usual hyperglycemia after injections of adrenalin 
and extracts of the anterior lobe of the pituitary (367). Davis (177) claims 
that the diabetes of the depancreatized animal can be mitigated by bilateral 
lesions in the tubera cinerea quite as effectively as it can by hypophysectomy. 
He found that lesions of the filiform, ventromesial and perifomical nuclei or of 
the wall of the third ventricle conferred sensitivity to insulin, while diminishing 
the hyperglycemic response to adrenalin, anterior lobe extracts and removal 
of the pancreas (136). These claims Brobeck, Tepperman and Long (105), 
using partially depancreatized rats, were unable to confirm. On the contrary 
such lesions aggravated the diabetes of these animals. Lewy and Gassmann 
(433) also found that hyperglycemia followed lesions in the perifomical nuclei, 
the very regions in which lesions, according to Cleveland and Davis (136) 
give rise to insulin sensitivity. Others who have reported the production of 
hyperglycemia by hypothalamic lesions are Jaegher and Bogaert (372) and 
Strieck (666). 

Some of this conflict may arise from failure to distinguish between dis- 
turbances mediated through the autonomic nervous system and those which 
affect the more fundamental processes of carbohydrate metabolism. It has 
been rather generally assumed that activity of the autonomic nervous system 
affects chiefly the processes of glycogenesis and glycogenolysis in the liver. 
As early as 1878 Bbhm and Hoffman (84) noted that cats, when tied to a board, 
developed hyperglycemia and glycosuria. The extra glucose in blood and urine 
was derived from liver glycogen. Cannon, Shohl and Wright (123) demon- 
strated that fright caused the blood sugar of cats to rise. Stimulation of the 
afferent branches of the crural, sciatic and vagus nerves raises the blood sugar 
(290). This hyperglycemia, according to Cannon and others (123, 290), is 
activated by stimulation of the adrenals and the sympathetic nerves. Britton 
(101) found that the hyperglycemia evoked in cats by exposure to an aggressive 
dog could be significantly reduced by inactivation or removal of the adrenal 
medullary substance. Stimulation of the superior cervical ganglion is also 
reputed to provoke hyperglycemia, which is abolished by hypothalamic lesions 
that produce hypoglycemia (177). Severance of the nerve supply to the liver 
does not eliminate the hyperglycemic response to sympathetic stimulation 
(75) or to section of the brain stem (531). Brouha, Cannon and Dill (109) 
noted that, immediately after sympathectomy or demeduffation of the adrenals, 
dogs become sensitive to insulin; but if some time is allowed to elapse after 
operation, reactions to insulin, adrenalin and glucose become normal again. 
Berg and Zucker (51) were unable to modify the hypoglycemia caused by 
insulin by lumbar ganglionectomy. They did, however, succeed in intensifying 
and prolonging the hypoglycemia by various sections of the splanchnic nerves. 
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These procedures did not prc\cnt the blood sugar from finally reluming to 
normal. They, therefore, regard the splanchnic sympathetic nervous system 
as an emergency mechanism for the restoration of the blood sugar in acute 
disturbances of carbohydrate combustion. It presumably acts by promoting 
hepatic glycogenolysis. Whatever may be its influence upon carbohydrate me- 
tabolism, the most extensive resections of the sympathetic system do not appear 
to modify the disturbances that follow removal of the pancreas (136, 430). 

A chronic hypoglycemic state has been reported as a sequel of encephalitis 
(493). Vonderahe and associates (514, 699) have described lesions in the 
basilar ganglia of patients with diabetes. They claim that in a series of 15 
diabetic patients they were able to demonstrate a consistent reduction of the 
number of nerve cells in the paraventricular nuclei, without consistent changes 
in other nuclei (514). These observations suggest that there may be centers 
in the hypothalamus that control (lie fundamental processes of carbohydrate 
metabolism, possibly through the agency of the pituitary or other endocrine 
glands. The presence and site of such centers has not, however, been estab- 
lished with certainty. 

The efed of hypoglycemia on the central venous system. That nervous tissue 
oxidizes only carbohydrate, having a respirator)' quotient of 1.0 under all 
circumstances, has already been mentioned. While this protects the brain 
against the disorders of diabetes, it renders it peculiarly susceptible to hypo- 
glycemia. This condition, if it becomes extreme, leads to definite mental 
symptoms, culminating in convulsions and coma. These probably arise 
initially from an insufficient supply of glucose leading to inadequate oxidation 
(334), followed by impaired circulation (194, 334). The latter may be due 
partly to hemoconcentration (194). If the condition persists too long it may 
prove fatal. Short of this it may leave permanent marks in the form of minute 
hemorrhages or necroses throughout the brain, especially in the basilar ganglia 
(175, 616). 

Like other procedures which shock or traumatize the central nervous system, 
insulin hypoglycemia has been widely used for the treatment of schizophrenia. 

Psychopathic states. Many observers have reported disorders of carbo- 
hydrate tolerance in persons with mental disorders. Gildea, McLean and 
Man (268) found prolonged oral tolerance curves in 6 out of 30 observations 
on 20 manic depressive patients. Intravenous curves were normal in all but 
2 of 34 tests on 30 patients. The 2 exceptional patients had hyperthyroidism. 
The disturbances encountered may have been referable to delayed absorption 
In other reports diets may have been uncontrolled. There is no clear evidence 
that there are any disorders of carbohydrate metabolism characteristic of special 
types of mental disease. 

The spinal fluid sugar in disease. The general parallelism between the 
sugar of blood and spinal fluid has been mentioned. It follows that spinal 
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fluid sugar is elevated in all conditions of hyperglycemia, reduced in hypo- 
glycemic states. It does not, however, fluctuate as widely as the blood sugar. 
In addition it has been claimed that deviations of diagnostic significance are 
encountered in certain diseases of the central nervous system. Importance 
has been attached to high values in epidemic encephalitis (6, 496, 713). The 
evidence that spinal fluid sugar is elevated in this condition is not convincing; 
figures in the literature vary greatly, many falling within normal limits (6, 551, 
7 13). In any case high values are found only when there is concomitant hyper- 
glycemia (551). The ratio of spinal fluid to blood sugar is consistently normal 
(277, 305)- The confusion rises chiefly from failure of most observers to 
examine both blood and spinal fluid under standard postabsorptive conditions. 
Although fasting hyperglycemia is rare in encephalitis, excessive alimentary 
hyperglycemia is not uncommon (305, 386, 490). 

In purulent meningitis spinal fluid sugar is invariably low (148, 419, 551, 
601, 713). This is usually true also of tuberculous meningitis (148, 421, 601) 
and occasionally in syphilis of the central nervous system (277). The reduc- 
tion results from the action of.pus cells and bacteria on the sugar and bears a 
rough relation to the degree of cellular exudation. If such fluids are permitted 
to stand at room or incubator temperature autoglycolysis proceeds at a rapid 
rate. 


EFFECTS OF DRUGS AND POISONS ON CARBOHYDRATE METABOLISM 
Phlorizin 

In 1886 von Mering (495) discovered that the injection of the glucoside, 
phlorizin, into animals caused profuse glycosuria and the associated phenomena 
that characterize diabetes in the human: wasting, increased urinary excretion 
of nitrogen and ketonuria. The demonstration of Ringer (567) and Cori (151) 
that insulin diminished the glucose excretion and increased the respiratory 
quotients of phlorizinized animals, for a time gave rise to the opinion that the 
drug inhibited the combustion of carbohydrate. This was, however, dispelled 
by the observation that the blood sugar falls after phlorizin and that if it is 
sustained by the administration of glucose, carbohydrate is oxidized and nitro- 
gen wastage and ketonuria are abolished (183, 523, 708, 709, 710). Both 
Deuel (183) and Nash (523), furthermore, found that phlorizin had no effect 
upon the carbohydrate metabolism of nephrectomized animals. 

Although the action of phlorizin is not entirely confined to the kidneys, the 
impairment of carbohydrate utilization it produces appears to depend solely 
upon inhibition of the rcabsorption of glucose in the renal tubules, Poulsson 
(552) showed that under its influence, in the dog, the clearance of glucose ap- 
proaches, but never quite equals that of creatinine. Subsequently Chasis, 
Jolliffe and Smith (132) found that the clearance of glucose under the influence 
of phlorizin rose until it became identical with the clearances of sucrose and 
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xylose. The glucoside, therefore, paralyzes the active reabsorption of glucose 
so that it behaves like those sugars that can not be utilized, diffusing back 
through the tubular epithelium to the extent of about 10 per cent. It has 
been suggested that phlorizin derives its effect by interfering with phosphoryla- 
tion of glucose. However, both Lundsgaard (459) and Lambrcchts (410) 
found that the concentrations of the drug required to induce diabetes are far 
lower than those that poison phosphatases. Lambrechts (411) further reports 
that after injections of glycerophosphate or parathormone, phlorizin sharply 
reduces the urinary excretion of phosphate without changing its concentration 
in the blood. This does not suggest impairment of phosphorylation. With 
Ellinger (209) be tested the effect of three colored derivatives of phlorizin on the 
kidneys of frogs. All were filtered through the glomeruli freely; but only two, 
which were reabsorbed by the tubule cells, provoked glycosuria. The authors 
therefore concluded that phlorizin 3Cted directly upon the tubular cells after its 
absorption, rieischmann (243) found, like other observers, that, in concen- 
trations which induced glycosuria, phlorizin did not affect the respiration of 
kidney slices. It did, however, prevent the okidation of glucose which was 
added to brain tissue or to yeast. The latter adsorbed phlorizin from solution. 
From these and other experiments he concludes that phlorizin is a highly ad- 
sorbable material and that when it is adsorbed bj’ cells it blocks the absorption 
of glucose. 

Although phlorizin does not directly impair any of the reactions concerned 
with carbohydrate metabolism except the reabsorption of glucose from the 
tubular urine, by this one measure, in full dosage, it causes such extreme wastage 
of glucose that none is left for oxidation. Under these circumstances the ani- 
mal responds very much as it does w hen oxidation of carbohydrate is inhibited 
for want of insulin. Liver glycogen is wasted in a fruitless effort to supply 
glucose that can not be burned. Protein is broken down to form more glycogen 
and urinary nitrogen increases. Ketosis develops as fat is rushed to the rescue. 
The respiratory quotient of the fully phlorizinizcd animal falls to 0.70-0.71 
indicating that energy is being derived entirely from fat. The G:N ratio 
rises to levels as high as or higher than those observed after removal of the 
pancreas (460a). Nevertheless, the tissues of such animals, if provided with 
glucose, either in vitro (621) or in viva (435, 475) are as able as those of the nor- 
mal animal to form and to bum glycogen. This is the clearest example that 
all the sequellac of pancreatectomy need not be attributed directly to the ab- 
sence of insulin. 

Alloxan 

Of extreme interest is the recent discovery that animals can be rendered 
diabetic by means of alloxan (27, 200, 273). This drug causes a specific de- 
generation of the cells of the islands of Langerhans in the pancreas (199, 201), 
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This discovery has made it possible to produce permanent pancreatic diabetes 
in animals without an operation that interferes with the external secretion of 
the pancreas and without evident injury to other glands or organs of the body. 

Drugs that block oxidation of carbohydrate 
Monoiodoacetic acid (458), fluoride (222), and oxalate prevent the anaerobic 
oxidation of carbohydrate by poisoning specific enzyme systems in the tissues. 
In experiments with isolated tissue or tissue extracts they have been of in- 
valuable aid in elucidating the reactions involved in the intermediary metabo- 
lism of carbohydrate. In the intact animal they have little value because of 
their profoundly toxic effects. 

Drugs that influence carbohydrate metabolism by injuring the liver 
All poisons that cause parenchymatous destruction of the liver, when given 
in large enough doses, have a characteristic effect on the metabolism of carbo- 
hydrate. Because they interfere with glycogenosis in the liver, poisoned 
subjects tend to develop hypoglycemia during starvation and excessive hyper- 
glycemic reactions after the administration of sugar, Among poisons of this 
class are chloroform (167), carbon tetrachloride (167, 168, 503), phosphorus (167) 
and arsenical derivatives (167). Profound disturbances of the regulation of the 
blood sugar are observed only if the hepatic destruction is extreme. 

Since the hepatic injury usually gives rise to anorexia, nausea and vomiting, 
the hypoglycemic action of drugs of this class is usually more evident than the 
hyperglycemic. For this reason certain of them have been credited with 
beneficial effects in the treatment of diabetes. In 1926 Frank, Nothmann and 
Wagner (248) proposed as a substitute for insulin diguanidinodecamethylene, 
under the name of “synthalin.” For a short time it was widely tested in the 
treatment of diabetes; but it was soon discovered that, like other guanidine 
derivatives, its hypoglycemic action depended entirely upon the fact that it 
poisoned the liver, thereby interfering with the formation of hepatic glycogen 
(68, 72, 81, 503). Secondary digestive disturbances reduced the quantity of 
food eaten, thereby contributing to the spurious appearance of improvement. 
Blatherwick, Sahyun and Hill (72) claim that it also has a deleterious effect 
on the kidneys. Broom (108), after investigating a number of amidine and 
guanidine derivatives, came to the conclusion that their hypoglycemic proper- 
ties were directly related to their toxidty and were referable solely to hepatic 
injury. Hydrazine derivatives (370, 429) and sodium selenite (428) both induce 
hypoglycemia by breaking down liver glycogen, and the former, like the guani- 
dines, have a definitely injurious action on the liver. In addition hydrazine, 
being a reducing substance, causes the urine to reduce copper solutions. 

The toxic effects of certain naturally occurring poisons probably depend on 
similar action. Bulger, Smith and Steinmeyer (115) have shown that the in- 



258 


CAKDOIIYDRATE 


toxica tion whicli cattle develop from eating white snake root and which they 
transmit to humans through their milk is associated with ketosis, lipemia and 
hypoglycemia, sometimes severe enough to give rise to convulsions. The 
symptoms are aggravated by' exercise, alleviated by the administration of dex- 
trose. In the same class belongs Bongkrck-acid poisoning. Tin's is a poisonous 
acid of the fatly acid group formed in milk of coconuts by bacteria (693). 

Anesthetics and hypnotics 

General anesthetics (655), especially' ether (22, 219, 575), raise the blood 
sugar and diminish the utilization of carbohydrate. Campbell and Morgan 
(119) claim that the hyperglycemic action of ether can be prevented by’ the 
previous administration of barbiturates, but that these drugs will not abolish 
the hyperglycemia after it has been established. On the other hand amylal 
itself is reputed to cause hyperglycemia (689) and both amytal and ether, 
according to Evans, Tsai and Young (225), reduce liver glycogen. Campbell 
and Morgan believe that ether acts through the central nervous system, stimu- 
lating the secretion of adrenalin. Evans ct al claim that its dcglycogenaling 
action is retarded in the cat by splanchnectomy' or by division of one splanchnic 
nerve and removal of the opposite suprarenal gland. Macleod (469, 470) has 
demonstrated that both amytal and luminal prevent piqfire diabetes. 

Morphine is reported to raise the blood sugar (468, 574). This hyper- 
glycemia was found by Bodo and associates (77, 78, 79) to be abolished by' 
demeduNation of the adrenals. It seems to act by promoting hepatic glyco- 
genolysis. This action is strangely at variance with the earlier reputation of 
opium as a useful drug in the treatment of diabetes. 

Drugs that act on the sympathetic and parasympathetic uenous system 

Ephedrine (716) and other compounds resembling adrenaline have a similar 
effect on carbohydrate metabolism. They do not, however, raise the blood 
sugar so far, when given in therapeutic doses. 

Atropine, according to Santenoise and Tinsel (594), acts much like adrenalin, 
provoking hypergly'ccmia and diminishing glucose tolerance, while eserine 
has the opposite effect, flrubetz, on the contrary claims that atropine lowers 
the blood sugar (353), while pilocarpine (353) and physostigmine (354) increase 
ft. She also finds that acetylcholine lias a hypoglycemic effect (353, 354). 

Farrar and Duff (232) found that ergotamine tartrate caused moderate sus- 
tained elevation of the blood sugaT. As far as carbohydrate metabolism is 
concerned it did not seem to be an antagonist of epinephrine. Its alleged action 
in diminishing alimentary hyperglycemia may be attributed to delayed empty- 
ing of the stomach (414). 
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Miscellaneous drugs 

Drugs of the caffeine group (550), quinine (363) and emetine (44) have been 
reported to induce hyperglycemia. 

Goldfarb, Bowman and Parker (272) claim that the combustion of alcohol 
is facilitated by insulin and glucose together, but not by either insulin or glucose 
alone. Mirsky and Nelson (507), however, found that combustion of alcohol 
was not retarded by removal of the pancreas. Alcohol was not burned by the 
eviscerated animal, even if insulin, glucose or both were given. Its oxidation 
was diminished by removal of the liver in proportion to the amount of the 
organ that was excised. 

Dinitrophenol , according to Hall, Field, Sahyun, Cutting and Tainter (303), 
depletes liver glycogen, increases the blood sugar and the lactic acid of both 
blood and muscle, and accelerates combustion of carbohydrate. This is 
probably, however, merely part of the general calorigenic action of the drug, 
rather than a specific stimulation of the intermediary processes of carbohydrate 
metabolism, since the extra sugar burned accounts for less than half of the 
extra calories produced. Hall and Culver (302) abolished the hyperglycemia 
by section of the splanchnic nerves. 

Glycosuria of slight degree has been reported in almost all types of clinical 
(see below) and experimental nephritis. In uranium nephrosis Milhorat and 
Deuel (499) found that glycosuria occurred in the early stages when the excre- 
tion of water and chloride were increased, but ceased when oliguria set in. It 
was also unaccompanied by hyperglycemia. The authors, therefore, attribute 
it to impaired reabsorption of glucose by the injured tubular cells. 

Proposed insulin substitutes 

Besides the guanidine derivatives and other hepatic poisons which have been 
mentioned above, virtue in the treatment of diabetes has been claimed for a 
great number of herbs and fruits. 

Collip (141) succeeded in extracting from dams and from various vegetables 
products which lower the blood sugar. Macdonald and Wislichi (461) report 
that they have prepared from cabbage an extract which, when given by mouth 
to normal animals, causes hypoglycemia and which reduces the glycosuria and 
hyperglycemia of depancreatized dogs. They prepared from the same vege- 
table extracts that induce hyperglycemia by promoting the destruction of liver 
glycogen. 

Other vegetable products have been promoted on purely clinical grounds 
which have no demonstrable effect on carbohydrate metabolism. Among 
these may be mentioned myrtilline (3) derived from huckleberry' leaves, and 
the fruit of Solatium indicum from Siam (114). 
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Inorganic ions 

Fraoke (249) claims that injections of magnesium salts promote hepatic 
giycogenesis; but this has not been confirmed and his data am not convincing. 

Because in the adrenalectomized animal disturbances of the metabolism of 
carbohydrate are associated with disorders of the metabolism of sodium and 
potassium, interest has been aroused in the effect of these elements upon the 
metabolism of carbohydrate in general. In conditions of salt-depletion pro- 
duced in normal men by diet and sweating, McCance (488) found slight ele- 
vation of the postabsorptive blood sugar and exaggerated alimentary hyper- 
glycemia. Ortcn and Devlin (535) daim that large amounts of sodium chloride 
improve the glucose tolerance curves of partially depancreatized rats. Silvette, 
Britton and Kline (624) have reported that the injection into rats or cats of 
large, but not seriously toxic, doses of potassium salts provokes a hyperglycemia 
that is accompanied by a discharge of glycogen from the liver and some reduc- 
tion of muscle glycogen as well. On the other hand, Strousc and associates 
(667) were unable to influence the glycosuria of depancreatized dogs or of dia- 
betic patients consistently with either sodium or potassium salts. Occasional 
apparent effects they attributed to coinddcnce. 

The effect of anoxemia on carbohydrate metabohsm 

Evans (226), in 1934, found that exposure to a pressure of only one-half 
atmosphere caused the glycogen in the bodies of fasted rats to increase. This 
increase was abolished by removal of the suprarenal glands, but was unaffected 
by destruction of the medullary portions of these glands. These observations 
have given rise to the impression that anoxemia promotes giycogenesis, which 
is prevented by removal of the adrenals. They are, however, subject to quite a 
different interpretation Evans examined his rats at the end of 24 hours and 
compared them with rats kept in a normal environmental atmosphere for the 
same length of time. In the rat this is the interval when glycogen is most 
depleted.' Lewis, Thorn, et al. (431), by examining rats at shorter intervals, 
discovered that glycogen was wasted more rapidly at low atmospheric pressure. 
In point of fact, therefore, anoxemia accelerated glycogenolysis, not giyco- 
genesis. The normal rat after 24 hours begins to build up glycogen again as 
protein takes up the burden of supplying glucose and combustion of carbo- 
hydrates is retarded. In the anoxemic rat, since oxidation of carbohydrate 
was increased, this cycle was accelerated. Evans’ 24-hour starved anoxemic 
rats were, therefore, comparable to normal rats after a much longer fast. 
Adrenalectomy presumably prevented the regeneration of glycogen in its usual 
manner, by inhibiting the formation of glycogen from protein. Because 
anoxemia is not tolerated so well by adrenalectomized as by normal rats, and 
because the tolerance of adrenalectomized rats is enhanced by cortical extracts, 
it has been inferred that the alleged glycogenic effect of anoxemia is a pro- 
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tective reaction instrumented by hyperactivity of the adrenal cortex. This is 
not, however, an entirely logical deduction since anoxemia appears to accelerate 
carbohydrate combustion, while cortical extract retards it. The susceptibility 
of the adrenalectomized animal to anoxemia need not be regarded as specifically 
related to the disorder of carbohydrate metabolism; resistance to almost every 
vicissitude is reduced by removal of the adrenals. 

Robertson (569) has reported that the blood sugar of cats rises sharply after 
hemorrhage, the degree of hyperglycemia varying directly with the volume of 
blood lost. The blood sugar does not rise if the hepatic artery and vein are 
clamped off. Immediately after the hemorrhage the concentration of sugar is 
greater in the blood of the hepatic vein that in that of the heart. The hyper- 
glycemia, therefore, is produced by hepatic glycogenolysis. It disappears 
immediately after the blood volume has been restored. Engel, Long et al. (21 6) 
have shown that the blood sugar rises little in fasted rats; but does rise in fed 
rats after hemorrhage. At the same time pyruvate, lactate and amino acids 
of the blood increase. In the terminal stage of fatal hemorrhage the blood 
sugar falls to hypoglycemic levels. Hemorrhage accelerates the decline of 
blood sugar and the rise of lactate, pyruvate and amino arid that follows eviscer- 
ation (586). Severe hemorrhage, or the shock that accompanies it, therefore, 
promotes the breakdown of liver glycogen and retards the formation of glycogen 
from carbohydrate derivatives, and probably protein. At the same time it 
accelerates proteolysis in the tissues. 

In figure 29 an attempt has been made in a single diagram to represent the 
major features of carbohydrate metabolism and the factors that influence them. 
These cannot be placed with absolute precision nor is it possible to assert that 
each works separately. The ultimate steps of oxidative metabolism leading 
from pyruvate to the tricarboxylic cycle, for example, are depicted as the site 
of influence of almost all the factors that appear in the diagram. It is highly 
unlikely that the actions of all are crowded into this small area. Attempts to 
locate their points of action more precisely are, however, thwarted by the fact 
that exploration of the paths in this area has only begun. All these factors 
either accelerate or retard the ultimate oxidation of carbohydrate, while affect- 
ing the reactions at other levels of metabolism in various ways and to different 
degrees. It may be that the phenomena of exercise and starvation are entirely 
instrumented by the hormones. To identify starvation diabetes with activity 
of the anterior pituitary growth hormone is particularly tempting because the 
analogy between the two is dose. It is not, however, altogether exact and it 
would be rash to force tire analogy. The conservative reaction to starvation 
must be a very primitive function, as must the reaction to exercise. The 
anterior pituitary may be a later accession which gives to the primitive starva- 
tion reaction an efficiency required for the complexity of a high degree of or- 
ganization. The figure at best is imperfect and tentative, but it may be of 
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some value to those who find graphic representations aids to comprehension 
and memory. 
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Chapter IV 

CLINICAL 

DIABETES AIEILITUS 

Nature of the disease in titan 

The characteristic metabolic defect in diabetes. The most precise definition 
of clinical diabetes is any condition in which the rate of combustion of carbohydrate 
is persistently incapable of acceleration to the maximum which it can attain in the 
normal subject. It may vary from the slightest impairment of this function, 
perceptible only when large amounts of carbohydrate are given, to complete — 
or virtually complete 1 — abolition of carbohydrate oxidation. In this extreme 
state the respirator}' quotient remains at or below 0.71 even after carbohydrate 
is given (67), and not only all exogenous carbohydrate, but all the sugar formed 
from protein and other carbohydrate precursors, is excreted as glucose in the 
urine (5, 209), 

Of course the exact nature of the metabolic disturbance can not be deter- 
mined by direct methods in human subjects as it can in animals. Especially 
in mild grades of diabetes it would be difficult to prove that the disorder of 
carbohydrate utilization is located in the oxidative process; in the more severe 
grades there is indubitable evidence that the oxidative processes are the most 
seriously injured. The ability to store glycogen is also lost in the severe 
forms of the disease, just as it is in experimental diabetes. This is probably 
a response on the part of the liver to the unsatisfied demand of the tissues 
for the oxidation of carbohydrate. Tor similar reasons the ability to transform 
carbohydrate to fat is lost. There is nothing in the clinical phenomena or 
metabolic disturbances of the disease that can not be ascribed to impairment 
of the oxidative process, if due allowance is made for reactions peculiar to the 
human species. The definition has been circumscribed to exclude conditions 
in which hepatic storage of glycogen alone is deficient, such as hyperthyroidism 
and hyperglycemia of nervous origin, as well as destructive diseases of the liver. 
The temporal condition has been imposed in order to exclude such transitory 
states as starvation diabetes and the action of epinephrine. Renal glycosuria 
is also excluded by definition. 

The pathogenesis of diabetes mellilus. Although the disorder of carbohydrate 
metabolism in human diabetes mebiltis resembles the disorder that SbUoffs 
removal of the pancreas in other species, it Jus been impossible to obtain satis- 
factory proof that disease of Che pancreas is responsible for the majority of cases 

1 In view of considerations which have been discussed above, of which the continuous 
oxidation of carbohydrate by nerve tissue is one example, the statement that combustion of 
carbohydrate is altogether abolished can never be made without reservation. 
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of human diabetes. It has been equally impossible to implicate the anterior 
lobe of the pituitary or the adrenal cortex. 

Gross lesions of the islands of Langerhans can not be consistently demon- 
strated; when they are found their extent bears no relation to the severity of 
the disease. Degenerative lesions, chiefly vascular in origin, are common in 
elderly patients with mild diabetes; they are not uncommon in such patients 
without diabetes. In most animals it is necessary to destroy all but a small 
remnant of pancreas Jo produce diabetes. In this respect man appears to be no 
exception. A large proportion of the gland may be destroyed by tumors or 
removed by operation before any impairment of carbohydrate metabolism 
can be demonstrated (74, 109), Diabetes is encountered in patients with 
extreme destruction of the pancreas. Total pancreatectomy has been per- 
formed in several patients for carcinoma and the patients have survived long 
enough to permit some evaluation of the resulting diabetic state (40, 106, 286). 
In every instance it has been possible to control the diabetes with relatively 
small doses of insulin (30 to SO units daily) in spite of the administration of 
large amounts of carbohydrate (500 or more grams per day) and in the face of 
operative reactions that would greatly impair the carbohydrate tolerance of 
any diabetic patient. In other respects these patients are not ideal subjects. 
Most of them did not survive long and were sustained chiefly by prolonged 
injections of glucose and frequent injections of insulin, a combination that is 
known to effect a great economy of insulin. Quite recently, however, Ricketts, 
Brunschwig and Knowlton (286) have reported a patient who survived the 
operation for 14 weeks. During the latter part of this period his diabetes 
was controlled by 40 units of insulin a day while he took a diet containing 102 
grams of protein, 11 grams of fat and 401 grams of carbohydrate daily. When 
insulin was completely withdrawn he gradually lapsed into diabetic acidosis 
which terminated in fatal coma. It is noteworthy that the acidosis became 
severe only after he had abstained from food for 2 days. In cases in which the 
pancreas has suffered maximum destruction from tumors, a similarly mild 
diabetes has been observed (74, 358). Objection may be raised that island 
tissue was not altogether destroyed in these cases. In acute destructive 
diseases pf the pancreas, such as acute hemorrhagic pancreatitis, diabetes of 
maximum severity, with extreme hyperglycemia, profuse glycosuria and in- 
tense ketonuria, has been reported (91, 294). In these conditions, however, 
shock, infection and starvation may have contributed to the severity of the 
diabetes. On the whole, no condition approaching the gravity of the disorders 
of metabolism encountered in severe spontaneous human diabetes mellitus 
has been produced in man by destruction or removal of the pancreas. In 
view of these facts, together with the consistent failure to demonstrate lesions 
of the islands of Langerhans that bear any quantitative relation to the metabolic 
disturbances, the assumption that clinical diabetes arises from disease of the 



298 


CARBOHYDRATE 


pancreas is hardly warranted. The disability that characterizes the disease is, 
however, similar to the disorders produced in animals by pancreatectomy. 
Furthermore, the reactions of the diabetic patient to diet, insulin, etc., are 
qualitatively like those of the dcpancreatizcd animal. 

Diabetes frequently accompanies acromegaly, and utilization of carbo- 
hydrate is usually deficient in pituitary basophilism and in the adrenocortical 
syndrome. The disorder in these states varies greatly in intensity; it can not 
be distinguished from diabetes without hypophyseal or adrenal disease. More- 
over, acromegalic diabetes is not associated with degenerative lesions of the 
pancreas such as those described in connection with experimental pituitary 
diabetes. Anselmino and Hoffman (13) claimed that the blood and urine of 
diabetic patients contained materials that diminished the utilization of carbo- 
hydrate by rats into which it was injected. This material, they believed, 
emanated from the anterior lobe of the pituitary, de Wesselow (369) reported 
that blood from elderly diabetic patients (but not from young diabetics) 
diminished the hypoglycemic action of insulin on rabbits. These observations 
have not been verified by other investigators (28, 96, 141). 

It is, of course, conceivable that the pancreas in diabetes harbors lesions 
that have no morphological equivalents, lesions that affect the composition 
of the island cells or their enzyme systems; but this can not be assumed. There 
is no certainty that diabetes is a single clinical entity with a uniform etiology. 
The usual responsiveness to insulin is no evidence that the pancreas is at fault, 
because insulin rectifies hyperglycemia of any origin. Of more significance is 
the variability of the response to insulin, which will be discussed below. Not 
only do individual patients differ in their responsiveness; but the sensitivity 
of a given individual to insulin may vary greatly from time to time. Some 
of these variations can be attributed to adventitious factors that are known 
to influence carbohydrate metabolism; others are quite inexplicable. 

The idea has long prevailed that diabetes may arise from overeating, espe- 
cially of carboh) r drate. This view has received some impetus from the dis- 
cover)' that experimental pituitary diabetes can be made permanent by high 
carbohydrate diets. The relevance of these experiments to the dietary origin 
of human diabetes is questionable. In animals the development of diabetes 
appears to be related, not to the diet per sc, but to the hyperglycemia which 
high carbohydrate diets produce when the ability to oxidize sugar is unpaired. 
In normal humans high carbohydrate diets do not induce excessive hyper- 
glycemia. Carbohydrate tolerance is injured by subsistence upon diets low 
in carbohydrate. Ilimsworth (137), from an analysis of the histories of a 
series of diabetic patients, together with a consideration of the relation of 
dietary habits to the national incidence of diabetes, has concluded that low 
carbohydrate diets are conducive to the disease. Mirshy’s (237) production 
of pancreatic atrophy by prolonged administration of insulin can not be alto- 
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gether neglected. Obesity has been cited as an etiological factor. Newburgh 
(246, 247) and others have shown that certain obese diabetic patients are not 
only relieved of diabetic symptoms by weight reduction; their glucose tolerance 
tests and other objective measures of carbohydrate utilization improve. It is 
impossible to evaluate such evidence for which there is no experimental analogy'. 
Undoubtedly diabetes becomes more obvious when the demand for energy 
production and the consumption of carbohydrate is great. Reduction of 
weight decreases these demands; if it has other more subtle effects, their nature 
remains to be discovered. 

The discussion of race, heredity and other inherent characteristics that may 
predispose to diabetes is outside the scope of this volume. The associated 
disorders, such as arterial disease, which so commonly accompany diabetes, 
and certain peculiar syndromes which include diabetes, deserve attention only 
insofar as these conditions modify the metabolic disturbances of the disease. 

Although nothing more than conjecture, it is not altogether futile to recog- 
nize that loss of the ability to oxidize carbohydrate could arise from other 
causes than destruction of the gland in which insulin is produced and to specu- 
late upon these other possibilities. First, the discharge of insulin by the 
pancreas might be inhibited; second, the insulin might be neutralized by some 
opposing agent or its destruction or elimination might be accelerated; third, 
its access to the cells might be blocked. Finally it must be recognized that 
insulin itself does not oxidize carbohydrate; it merely acts as an enzyme or 
facilitates the action of enzymes in the system that oxidizes carbohydrate in 
the cells. It is not inconceivable that the defect in some cases of diabetes 
may reside in some one of these reactions which insulin facilitates or in which 
it participates. Some of these hypotheses have, indeed, been advanced to 
explain the extreme resistance to the action of insulin displayed by certain 
patients with diabetes. 

It is impossible to discuss the carbohydrate metabolism of diabetes altogether 
in generalizations, because the disease varies greatly in severity. Although 
certain features are common to all patients with diabetes, within this common 
frame individuals differ widely in their reactions. 

The blood sugar in diabetes 3 

The postabsorptive blood sugar in diabetes . The concentration of glucose 
in the blood of diabetic patients in the postabsorptive state may vary from 
normal upwards to an indefinite point, depending upon: (I) the severity of the 
disease; (2) the type of the disease; (3) the presence or absence and the char- 
acter of complicating conditions; (4) the diet or treatment which the patient 

1 In the discussion ol the practical aspects of the application of blood and urine analysis 
to the study of diabetes and the management of the disease the author has drawn largely 
upon his own cl in i cal eipcrience to supplement the literature upon these subjects. 
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has received during the preceding period. The effect of these factors will be 
considered first, unmodified by the action of exogenous insulin. 

As a criterion of the severity of the disease the postabsorptive blood sugar is 
useful only when the other factors enumerated above are also taken into con- 
sideration. 

The term type of disease is not altogether precise, since the real nature of 
diabetes is unknown. Nevertheless, among diabetic patients are encountered 
certain rather distinct clinical pictures that have particular therapeutic and 
prognostic significance. There is, for example, a group, usually middle aged 
or elderly, often with evidences of arteriosclerosis, in whom the disease seems 
to cause little or no wasting or suffering unless it is aggravaged by some infec- 
tion or other complication. In fact these patients are frequently overweight 
or frankly obese, an indication of the essential benignity of the metabolic dis- 
order. The term “degenerative diabetes” has been applied to this condition 
which appears almost to be a part of the process of aging. Vascular disease 
and its consequences arc more important than the metabolic disturbance in 
determining the outcome of these cases. The postabsorptive blood sugar 
may be as high as 150 to 200 or more mg. per cent when they are in good con- 
dition and excreting little or no sugar. Although it may be possible to con- 
trol glycosuria and maintain nutrition by means of diet alone, without insulin, 
the postabsorptive blood sugar may remain obstinately high 

Contrasted with these is a group of individuals, not necessarily stout, fre- 
quently thin, at the onset of the disease, in whom diabetes suddenly appears 
with typical severe symptoms, often rapidly leading to ketosis and coma. 
The disease frequently follows so precipitately an acute infection of some kind 
as to suggest that the latter was the direct cause (159, 262). During the severe 
stage the blood sugar may rise to an extreme height (values of 1000 or more mg. 
per cent have been reported) and may be difficult to reduce by any means. 
Between these acute stages, however, the fasting blood sugar may return al- 
most or quite to the normal level Nevertheless, this type of disease is essen- 
tially more severe than the “degenerative” form. Although the blood sugar 
at times responds well to treatment, the amount of carbohydrate that can be 
burned per 24 hours over any prolonged period is usually quite low. The 
response of the carbohydrate metabolism of these patients to dietetic and 
environmental factors is more rapid and violent than that of members of the 
“degenerative” group. Before the discovery of insulin it was impossible to 
maintain nutrition and growth and to control glycosuria in this type over any 
considerable period. Almost all children and young adults belong in this 
category’, which has consequently been termed the “Juvenile” type of diabetes. 

It is, however, encountered in patients of all ages. 

Any complicating condition which tends to decrease the ability to utilize 
carbohydrate will aggravate diabetic symptoms and increase the tendency to 
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hyperglycemia. Among these conditions may be mentioned especially hyper- 
thyroidism, infections and severe injuries. To these must be added almost 
every condition which impairs the general well-being or health of the patient, 
including serious emotional disturbances. Attention will be called to many 
of them below. In general it is safe to say that any condition which of itself 
raises the blood sugar or exaggerates the alimentary hyperglycemia of the non- 
diabetic subject will have a far more striking effect upon the carbohydrate 
metabolism of the diabetic patient which is likely to express itself in elevation 
of the postabsorptive blood sugar. 

The did and activities of the preceding day or days has a great influence 
upon the postabsorptive blood sugar of the diabetic patient. The blood sugar 
at any time depends chiefly upon three factors: (1) the degree of impairment 
of the process of oxidation of carbohydrate; (2) the vigor of the reactions to 
combat this defect, which is ordinarily more or less proportional to the defect; 
(3) the quantity of carbohydrate available. This last is the difference between 
the amount of carbohydrate provided in the diet or stored in the liver and the 
quantity of glucose lost in the urine. In clinical diabetes, as in experimental 
pancreatic diabetes of animals, liver glycogen appears to be broken down in 
response to the demand by the tissues for oxidation of carbohydrate. In 
exercise the glycogenolytic response of the liver satisfies the metabolic demands 
of the tissues, therefore combustion and glycogenolysis proceed pari passu 
with relatively little disturbance of the blood sugar. When exogenous insulin 
is given carbohydrate combustion proceeds so rapidly that it may outstrip 
glycogenolysis and produce hypoglycemia. In diabetes the response of the 
liver is not effective because the tissues can not avail themselves of the sugar 
in the nonnal manner. The stimulus to the liver does not, therefore, cease 
until the blood sugar has risen to such a height that the mass action of glucose 
overcomes the barrier to oxidation. Although this is a highly teleological 
explanation of diabetic hyperglycemia it seems to be compatible with the facts. 
Factors that facilitate oxidation of carbohydrate tend to reduce hyperglycemia; 
those that retard oxidation of carbohydrate increase the blood sugar. The 
generosity of the liver is not unlimited; it appears to yield glucose in response 
to a given stimulus with increasing reluctance as its supply of glycogen dimin- 
ishes. Consequently the blood sugar rises higher, other things being equal, 
when there is a plentiful store of exogenous carbohydrate. As the defect of 
oxidation increases and the demand for sugar becomes more imperious, the 
liver first exhausts its stores of glycogen and then accelerates the formation of 
glycogen from protein. Throughout these procedures, as soon as the blood 
sugar becomes considerably elevated, the liver labors under a double disadvan- 
tage because its efforts to provide sugar are partly nullified by the kidneys 
which strive to bring the blood sugar to its normal concentration by excreting 
glucose with continually increasing rapidity as the blood sugar rises. 
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The diurnal course oj the blood sugar. The blood sugar of the diabetic patient 
rises further after each meal than docs that of a normal subject on a similar 
diet, and returns to the prcprandial level more slowly. The height and dura- 
tion of the alimentary hyperglycemia are proportional to the amount of carbo- 
hydrate ingested. Therefore, wherf large meals with abundant carbohydrate 
are given the blood sugar rises rapidly in the morning and remains generally 
elevated during the day, fluctuating like the blood sugar of the normal indi- 
vidual, but at a persistently higher level. In the mild diabetic the blood sugar 
falls again in the course of the night’s fast. The extent of its fall depends upon 
the point to which it rose during the previous day. The postabsorptive blood 
sugar of a mild diabetic may, therefore, be 200 or more mg. per cent if tht 
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* On this day the patient did not starve but received a small protein-fat diet. 


patient has eaten generous amounts of carbohydrate; but may be within or 
more often slightly above the normal limits if the carbohydrate in his diet has 
been limited. In such a mild diabetic fasting for a day or two may reduce the 
blood sugar to normal. 

The overnight rise of blood sugar. As the severity of the diabetes increases, 
the tendency for the blood sugar to fall during the night’s fast diminishes. 
Indeed, in moderately severe and severe cases, deprived of all food, the blood 
sugar rises during the night (88, 126, 127). If the fast is sufficiently prolonged 
the morning blood sugar eventually diminishes, but only because it drops more 
in the course of each day than it rose during the previous night. This is illus- 
trated in table 10. Even if the diabetic patient receives food, the same phe- 
nomenon, in a somewhat modified form, is observed. Evidently the overnight 
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rise is not due entirely to lack of food. It was not prevented, in Hatlehol’s 
(126, 127) experiments, by the administration of an additional meal during the 
night. It probably is a consequence of complete inactivity. During the day 
the oxidation of carbohydrate is accelerated by muscular activity; during the 
night this accelerating force is inactive. 

In the most severe cases, when the ability to utilise carbohydrate is entirely 
or almost entirely abolished, the blood sugar remains persistently high, even 
in the face of extreme reduction of dietary carbohydrate or total starvation. 
Under these latter conditions the glucose is derived entirely from protein and 
the glycerol of fat. Destruction of protein is increased and production of ke- 
tone bodies is accelerated. Even when no carbohydrate is given the amount of 
glucose supplied by protein may be considerable. 

In all cases except those who are totally or almost totally unable to oxidize 
carbohydrate, removal of glucose from the blood and oxidation of glycogen 
by the tissues are accelerated by exercise and administration of carbohydrate, 
retarded by deprivation of carbohydrate. The acceleration of carbohydrate 
oxidation by administration of carbohydrate, although not so evident as it is 
in the normal person, is demonstrable. The hyperglycemia that follows the 
first meal of the day is, therefore, proportionately greater than the rise after 
subsequent meals. There is some reason to believe that the diminution of 
tolerance that follows starvation is more marked in the diabetic than in the 
normal, because the former has more limited hepatic glycogen stores and ex- 
pends them more rapidly. 

The postabsorptive blood sugar alone, therefore, is not a reliable diagnostic 
criterion nor a satisfactory index of the severity of diabetes. When considered 
in conjunction with other data it is a useful aid to diagnosis and therapy. In 
the absence of any other condition that may provoke postabsorptive hyper- 
glycemia, a postabsorptive blood sugar repeatedly greater than 140 mg. per 
cent is presumptive evidence of diabetes. In the aged the limit may be a little 
higher (325). In mild forms of the disease, however, the postabsorptive blood 
sugar may be quite normal and of no aid in differentiating diabetes from other 
types of glycosuria. When the morning blood sugar is elevated the direction 
of its progress on a constant regimen is of more value than its concentration 
at a single observation for the estimation of the severity of the disease and the 
evaluation of therapy. Usually a diminishing glycemia may he regarded as a 
favorable sign, while a constantly rising blood sugar marks therapeutic failure. 
It will be pointed out below, however, that the restoration and maintenance 
of a normal postabsorptive blood sugar is not the goal of therapy. When it is 
impossible from the postabsorptive blood sugar and clinical data to decide 
whether a patient has diabetes or not, the reaction of the blood sugar to glucose 
should be determined. 
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The alimentary blood sugar curie in diabetes 
Eject of amount of glucose ingested upon the height of the cune. In the norma! 
adult ingestion of 30 to SO grams of glucose causes a maximum hyperglycemia; 
increasing the dose to 100 or even 200 grams does not raise the blood sugar 
appreciably higher. A second dose of glucose given during the descent of the 
curve may or may not cause a second rise; if it does occur its peak is lower than 
the first peak (see the discussion of normal glucose tolerance above). 

In the diabetic, on the other hand, whatever may be the concentration of 
sugar in the blood, ingestion of sugar or starch causes it to rise still higher; 
the extent to which it rises is directly proportional to the amount of carbo- 
hydrate taken, within practical experimental limits. The blood sugar ceiling 



Tic. 30 Capillary blood sugar curves of a diabetic patient after peroral glucose, compared 
filth those of normal subjects (From Taber and Hansen (80)). This shows the excessive rise 
and duration of the diabetic curves as well as the fact that the height of the curves varies 
mth the dose of glucose given 

observed in normal persons does not exist in diabetics (compare figures 14 and 
15 with 30). The effect of a second dose is superimposed on that of the first. 
The diabetic can not accelerate the oxidation of carbohydrate sufficiently to 
utilize glucose as rapidly as it is absorbed, as the normal person does. 

In mild diabetes the rise of blood sugar per gram ingested diminishes pro- 
gressively with each increment after the blood sugar has risen above a certain 
concentration, 200 to 300 mg. per cent or more (118). This is an example of the 
acceleration of carbohydrate oxidation by hyperglycemia. Holst (147) found 
that most diabetics, if given large enough doses of glucose finally reached a 
point at which enlarging the dose further did not increase the blood sugar; 
but this occurred only at extremely high blood sugar concentrations. 

The form and duration of the blood sugar cune after ingestion of glucose. The 
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initial rise of blood sugar, which probably represents the absorption of glucose 
from the alimentary canal, is rapid in the diabetic as it is in the normal subject. 
But the sudden cessation of the upward limb, the sharp peak, and the immedi- 
ate and rapid decline, which mark the normal, are lacking in the diabetic curve. 
The latter reflects more accurately the course of absorption of the sugar (273), 
rising for a longer period and at a gradually diminishing rate. The summit, 
more rounded, is attained after a longer interval, an hour or more (see figure 
31). The descent is even more delayed. Instead of falling to the initial 
concentration in one to two and a half hours after 1 gram of glucose per kilo, 
it remains elevated far longer. 



12 3 4 

Hours 

Fig. 31. Venous blood sugar curves after 100 grams of glucose Curves A and 15 are 
diabetic. From Ham man and Hirschman (117). 

Undue prolongation of the hyperglycemia has been recommended as the 
best single criterion for the diagnosis of diabetes. A venous blood sugar 
greater than 120 mg. percent 3 hours after a 100 gram dose of glucose is strong, 
if not conclusive, evidence of diabetes (157). After a dose of 50 grams an 
equal hyperglycemia after tw r o and a half hours has the same significance. 
Diabetes can not be so absolutely excluded by a blood sugar that falls more 
rapidly; but no normal curve is so prolonged if it is studied under proper con- 
ditions. While it is not desirable to depend in doubtful cases upon a single 
criterion, prolongation of hyperglycemia is more definite proof that glucose 
utilization is retarded than is an unusually high peak. Furthermore the 
detection of the peak may require many analyses at intervals of a few minutes, 
while the duration of hyperglycemia can be adequately defined by two or three 
analyses. 
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Although the alimentary glycemic reaction is of great aid in the diagnosis 
of diabetes, it is less valuable as a measure of the seventy of the disease. In 
general the height ami duration of the hyperglycemia are roughly related to the 
inability to utilize carbohydrate, but anomalous reactions are common. Un- 
usually high and prolonged curves may be observed in patients with mild 
diabetes (191). Some of these discrepancies may be attributed to abnormal 



Fig. 32. The average arterial and venous blood sugars of normal and diabetic patients 
in the postabsorptive state and thirty minutes after the ingestion of 25 grams of glucose, 
illustrating the fact that the concentration of blood sugar varies directly and the arterial- 
venous difference inversely as the severity of the diabetes. From Rabino" itch (273). 

antecedent diets or the presence of complicating conditions, but some of them 
can not be explained. Ralli and Shannon (275) advocate prolongation of the 
tolerance test for 5 hours, chiming that the blood sugar 4 hours after the ad- 
ministration of glucose is more closely correlated with the severity of the disease 
than either the postabsorptive blood sugar or the blood sugar taken at a shorter 
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The blood sugar curve after intravenous injection of glucose. The blood sugar 
of the diabetic falls far more slowly than that of the normal subject after the 
intravenous injection of an equal amount of glucose. In an adult a venous 
blood sugar greater than 120 mg. per cent 2 hours after the intravenous injec- 
tion of 50 cc. of 50 per cent glucose is strong presumptive evidence of diabetes 
(198). Again diabetes can not be excluded if the blood sugar falls more rapidly, 
but it usually falls far more slowly than this. 

Difference between arterial and venous blood sugars in diabetes. The divergence 
between arterial and venous blood sugars is diminished in moderate diabetes; 
in severe diabetes it may be absent or even reversed, venous blood sugar 



Tic. 33. The arterial-venous blood sugar difference in normal and diabetic subjects in 
the post-absorptive state and thirty minutes after the ingestion of 25 grams of glucose, illus- 
trating the fact that the arterial-venous difference diminishes with increasing severity of the 
disease and may even be reversed in the most severe cases. The x and « marks near the 
middle of each area indicate average values. From Rabinowitch (273). 

actually exceeding arterial (145, 183, 273). Whereas in healthy persons the 
arterial-venous difference varies directly with the degree of hyperglycemia 
produced, no such proportionality exists in diabetes. Figures 32 and 33 from 
Rabinowitch (273) illustrate the relation of arterial-venous blood sugar differ- 
ences to the severity of diabetes in a series of cases. In these figures the pa- 
tients termed “mild diabetic” could utilize more than 100 grams of carbohydrate 
per day without insulin; the “fairly mild” could utilize 75 grams per day; the 
“fairly severe” could not tolerate enough carbohydrate to prevent ketosis 
without insulin. Although the average differences are well correlated with the 
severity of the disease, individual variation in every group is so great that the 
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arterial-venous difference is not so useful a diagnostic criterion as was once 
hoped (95, 273). The presence of a positive arterial-venous difference does not 
preclude diabetes, but ibe absence of such a difference is highly indicative of 
diabetes. 

The hyperglycemic reaction to other sugars. When given to normal persons, 
galactose has little effect upon the blood sugar and what rise it causes is due to 
galactose, not glucose. In the diabetic, on the other hand, galactose causes far 
greater hypermelUemia and the blood sugar increment is composed chiefly of 
glucose (172, 290). The reaction to levulose is quite similar (332). 

The ability to utilise carbohydrate in diabetes. In total diabetes the blood 
sugar remains continuously elevated; all eatabolized substances which are 
capable of being converted to glucose are so converted, and the sugar is excreted 
quantitatively in the urine. The majority of patients, however, retain the 
ability to utilize a certain amount of carbohydrate. The amount that an 
individual can bum daily without the appearance of glycosuria is one of the 
characteristics that has been termed "carbohydrate tolerance." This is not, 
however, a measure of the amount of carbohydrate that a patient can bum. 
If a patient excretes a trace of sugar in the urine on a diet containing 100 grams 
of carbohydrate, the administration of 150 gr am s seldom results in the excretion 
of the whole of the additional 50 grams. Only a small fraction of this incre- 
ment appears in the urine. As the diet is progressively increased a larger 
proportion of each successive increment is lost, until finally a point is reached 
at which administration of further carbohydrate no longer increases the com- 
bustion of sugar (234). This point marks the maximum ability of the patient 
to burn carbohydrate and might be termed the “maximum tolerance”; the 
largest quantity that can be taken without provoking glycosuria might be 
termed the “minimum tolerance.” 

In moderately severe diabetes it may be possible to demonstrate the impair- 
ment of carbohydrate oxidation by respiratory' metabolism The respiratory' 
quotient may not rise so rapidly nor so high as normal after a dose of glucose 
(265, 284, 314). This is, however, of little value as an aid to the diagnosis of 
mild cases. 

Liver glycogen tn human diabetes. The livers of depancreatized animals 
not treated with insulin contain only minimal amounts of glycogen. I* is 
generally assumed that the same is true of the livers of patients with severe 
diabetes Trom time to time, however, cases have been reported in which the 
livers at autopsy contained large amounts of material with the staining proper- 
ties of glycogen. In some instances this may be merely the result of treatment. 
Warren (364), from a study of a large number of autopsies, has concluded that 
insulin diminishes abnormal glycogen deposits in the renal tubules and restores 
the normal glycogen deposits in the liver and muscles. Occasionally patho- 
logical glycogen storage similar to that of von Gierke’s disease is encountered 
in conjunction with diabetes (36). 

llirsky and associates (236) have demonstrated the Iher glycogen depletion 
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o! diabetics in a rather ingenious manner. They have shown that if phlorizin 
is injected into a diabetic in the postabsorptive state the blood sugar falls more 
than it does in a normal person, although the diabetic excretes only a slightly 
larger amount of sugar in the urine than the normal person does. The diabetic 
also frequently develops ketonuria while the normal does not. 

Glycosuria in diabetes. The behavior of the kidneys towards glucose does 
not appear to be altered in uncomplicated diabetes. There is the same ten- 
dency for sugar to appear in the urine when its concentration rises above a cer- 
tain point and for the glycosuria to continue until the blood sugar has fallen 
well below the concentration at which glycosuria was initiated. Glycosuria 
occurs in the diabetic more readily than in the normal subject, not because 
glucose is less efficiently reabsorbed from the renal tubules, but because, owing 
to the hyperglycemia, more glucose enters the tubules through the glomerular 
filter. Some observers, indeed, have found unusually high “renal thresholds 
for glucose” in some severe diabetics (6, 302, 380). There seems to be little 
doubt that the excretion of glucose is impaired in certain diabetics — i.e., they 
eliminate less glucose in proportion to the height of their blood sugars than 
normal persons do — , but this impression needs to be examined more carefully 
by modem methods for the analysis of renal function. Thus far it has been 
studied chiefly by outdated threshold methods, not by clearance techniques 
(79, 127, 302). The influence of complicating conditions, especially artenal 
disease, must also be given more consideration than it has in the past. 

In any given diabetic patient glycosuria follows the general course of the 
blood sugar, which has been discussed, and is subject to the same influences. 
Both hyperglycemia and glycosuria are maximal after meals and, in milder 
cases, disappear or diminish during the course of the night’s fast. The chief 
rise of blood sugar and the most frequent incidence of glycosuria, in mild cases, 
follow the morning meal (162, 242, 263). This is an expression of the effects 
of starvation. The acceleration of carbohydrate oxidation under the influence 
of carbohydrate, together with physical activity, enables more food to be taken 
later in the day without glycosuria. Increasing the second and third meals 
at the expense of the first, therefore, may enable a patient to take a larger 
amount of food during the day than he otherwise could, without glycosuna. 
The same object can be attained, in some instances, by giving a small portion 
of the breakfast one-half to three-quarters of an hour before the major part 
of the meal (263). If the diabetes is severe these expedients will not abolish 
glycosuria because the blood sugar tends to increase steadily during the day 
with successive meals. 

The action of insulin in diabetes mellitus 
The administration of insulin to the diabetic patient restores carbohydrate 
combustion and permits the reconstitution of the hepatic glycogen stores. 
Hyperglycemia and glycosuria are accordingly reduced or abolished. It is 
claimed that insulin restores the normal difference between arterial and venous 
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blood sugar to diabetics in which it was formerly lacking (183), direct evidence 
that it promotes the utilization of sugar by the muscles and other tissues. 
This is not, however, invariably the first action of insulin. The blood sugar 
may fall sharply immediately after insulin without the appearance of an appre- 
ciable arterial-venous difference (95, 180). The variability of this reaction 
presumably derives from the fact that in a given instance either the muscles 
or the liver may play the predominant part in removing glucose from the blood, 
depending upon the relative state of these tissues at the time when the insulin 
is given. 

The action and use of regular or crystalline insulin. In the diabetic patient 
as in the normal individual insulin lowers the blood sugar by facilitating the 
oxidation of carbohydrate. Uy satisfying the demand of the muscles for com- 
bustion of glycogen this permits the liver to store glycogen. In normal persons, 
if no carbohydrate is given with the insulin, the latter usually achieves its 
maximum effect within 30 to 60 minutes. The resulting hypoglycemia is rela- 
tively short-lived because of the counter-reactions provoked by this hypo- 
glycemia. In the diabetic, with hyperglycemia and impaired oxidation of 
carbohydrate, the action of insulin is evident quite as promptly, but the max- 
imum depression of blood sugar occurs later and lasts longer than it does in the 
normal (166, 292). This is also true in the depancrcatized dog (168). The 
reasons for this seem to be twofold: first, since hypoglycemia is delayed, the 
counterreactions which terminate the action of insulin in the normal subject 
come into play later; second, hyperglycemia appears to reinforce the action 
of insulin. Klatskin (170) has shown that the reduction of blood sugar effected 
by a given dose of insulin in diabetic patients in general is directly related to 
the height of the initial blood sugar. Indeed, the blood sugar of the diabetic 
may fall further than the blood sugar of a normal individual after a given dose 
of insulin (23). This would have to be the case since the normal blood sugar 
can not fall far before it is extinguished. Greeley, Martin and Hallman (110) 
found that more sugar was retained by diabetics under the influence of a given 
dose of insulin if the blood sugar was maintained at a high level by intravenous 
injection of glucose than was retained if the blood sugar was maintained at 
normal concentrations, although more sugar was excreted in the urine in the 
former case. Although both the speed and the extent of the decline of blood 
sugar are correlated with its original concentration, the interval between the 
injection and the maximum effect of insulin also varies directly with the height 
of the initial blood sugar. Hypoglycemic symptoms are, therefore, likely to 
occur after a longer interval in the diabetic than in the normal subject. 

If both insulin and carbohydrate arc given the resulting blood sugar curve 
will depend upon the initial concentration of sugar in the blood, the quantities 
of carbohydrate and insulin that are given and the relative times at which they 
are given. Regular insulin is commonly given about 30 minutes before a meal 
in order that its maximum effect may just precede or coincide with the peak 
of the alimentary hyperglycemia. If, however, the initial blood sugar is ex- 
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tremely high, it may be impossible to prevent it from rising enough higher 
under the influence of the carbohydrate to cause glycosuria, unless sufficient 
insulin is given to provoke subsequent hypoglycemia. This difficulty may be 
circumvented by giving the insulin an hour or more before the food. By this 
means the blood sugar is reduced in advance of the meal. The hyperglycemic 
effect of the food delays the action of insulin, so that the lowest point of the 
blood sugar curve is most likely to occur 3 or 4 hours after the meal. It is at 
this time that symptoms of hypoglycemia can be most often expected. 

Although the action of insulin and carbohydrate upon the blood sugar of an 
individual diabetic patient may be balanced in this manner under given cir- 
cumstances, it is not possible to generalize about the amount of insulin required 
to effect the oxidation of a given amount of carbohydrate. Some patients who 
appear to have a relatively mild diabetes, judged by the severity of their symp- 
toms and the quantities of sugar they excrete, may require large doses of insulin 
to eliminate glycosuria entirely; others who require relatively small doses of 
insulin to prevent glycosuria, lapse rapidly into severe ketosis if insulin is dis- 
continued. Conversely, patients who, on similar diets, require approximately 
the same amounts of insulin, may react quite differently to omission of this 
insulin (14, 234). Of three such patients studied by Atchley, Loeb, et al (14), 
after discontinuation of insulin one rapidly developed severe ketosis, one after 
48 hours had a mild ketosis, the third had only a rather profuse glycosuria. 
The most striking illustrations of this individual variability are found in so- 
called insulin-resistant cases which will be discussed below. In part these 
differences in reaction can be attributed to complicating conditions: hyper- 
thyroidism, infections, injuries or disease render patients temporarily refractory 
to insulin by aggravating the diabetic condition. Often enough, however, no 
such explanation can be discovered for either durable or transitory refractory 
states. 

Besides these general differences or fluctuations in the reactions to insulin, 
the effectiveness of this hormone depends on the time it is given in relation 
to meals and other activities. It has been shown by Ellis (72) and others (46, 
131) that if insulin is given in frequent divided doses, especially if dietary carbo- 
hydrate is distributed in the same manner, the amount of sugar oxidized per 
unit of insulin is far greater than if insulin and carbohydrate are given in larger 
doses at infrequent intervals. Within limits similar economy can be effected 
by distributing carbohydrate alone. If, after a morning dose of insulin and 
breakfast, a second meal is given during the postalimentary hypoglycemic 
phase, it may be and usually is burned without the need of a second dose of 
insulin. In fact, the introduction of such a meal, if it prevents a true hypo- 
glycemia, may facilitate the subsequent combustion of carbohydrate by pro- 
longing the action of insulin. If a definite hypoglycemia does develop and 
persists for any length of time, the tolerance for carbohydrate is reduced and 
the next meal will cause glycosuria (30, 31, 32). 

Physical exercise accelerates the combustion of carbohydrate in any subject 
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who possesses the ability to oxidize sugar. Consequently it increases the effec- 
tiveness of insulin. Marble and Smith (215) found that if a moderately severe 
diabetic exercised after taking carbohydrate without insulin in the postabsorp- 
tivc state the blood sugar rose higher than it did if the same amount of carbo- 
hydrate was taken without exercise. This probably does not mean that com- 
bustion of carbohydrate was not accelerated by the exercise; but that, in the 
absence of insulin, it did not attain sufficient acceleration to balance the simul- 
taneous action of exercise in driving the reaction, hepatic glycogen ^ blood 
glucose, to the right. With exercise, however, it was possible to control the 
alimentary hyperglycemia with a far smaller dose of insulin than was required 
without exercise. Unwonted exercise may precipitate hypoglycemia in a dia- 
betic who is receiving only enough insulin to prevent gross glycosuria under 
ordinary conditions of life. 

Because of the usual course of the diabetic blood sugar curve and the effect 
of meals and physical activity, insulin is generally needed most before break- 
fast. Even if the disease is comparatively severe it is seldom necessary to give 
a dose before the mid-day meal. A sufficiently large amount of insulin can 
usually be given before breakfast to last until the evening meal without causing 
hypoglycemia if insulin and meals are given at suitable intervals. If glycosuria 
after breakfast can not be prevented without precipitating hypoglycemia 
before the mid-day meal, insulin may be given earlier in the morning or an extra 
feeding may be interpolated in the middle of the morning. In mild cases, 
indeed, no more insulin may be required during the twenty-four hours. In 
moderately severe cases a smaller dose before supper will be enough to prevent 
excessive hyperglycemia from this meal and will reduce the evening blood sugar 
to such a level that the nocturnal rise will not suffice to cause glycosuria in the 
early morning. A noon dose of insulin, by reducing the blood sugar too much 
before the evening meal, is apt to make it impossible at this time to give enough 
insulin to keep the blood sugar from rising excessively during the night. 

In severe cases the whole course of the blood sugar is altered; instead of fall- 
ing under the influence of the night’s fast, it rises. It may be so high before 
breakfast that insulin will not reduce it sufficiently at the end of 30 or even 60 
minutes to permit the patient to tolerate breakfast unless such a large dose is 
given as to induce subsequent serious hypoglycemia If only enough is ad- 
ministered to prevent glycosuria from the evening meal, the blood sugar may 
rise again during the long fast of the night to such an extent that glycosuria 
appears in the early morning. If the supper dose is increased hypoglycemia 
may occur in the middle of the night. Much can be done in these cases by 
adjustment of the meal hours. By giving insulin one hour or more before 
breakfast and postponing the hour of the evening meal, the fasting period 
may be shortened. Hypoglycemia during the night can be prevented by . 
introducing an extra meal containing carbohydrate just before retiring. Only 



CLINICAL 


313 


occasionally is it necessary to give a small dose of insulin with this feeding as 
has been recommended by Jonas, Miller and Teller (162). The administration 
of insulin and food at an even later hour, 4 A.M. or thereabouts, which has 
been suggested (346), is altogether too distressing to be practised except as a 
last resort, when all other expedients have failed. 

The action and use oj protamine insulin. -When protamine insulin was in- 
troduced it was hoped that by its more durable action it would solve all the 
problems presented by the overnight blood sugar rise and obviate the necessity 
for multiple doses of insulin. It soon became evident, however, that protamine 
insulin would not control alimentary hyperglycemia after meals. Irrespective 
of the time of day when it is given this preparation exerts its major effect 
during the night (30, 140, 185, 230). A single dose given before breakfast 
may fail to check glycosuria during the day and still provoke profound hypo- 
glycemia in the middle of the night or the early morning. Moreover, as a 
result of this hypoglycemia, which is often prolonged, carbohydrate tolerance 
for breakfast may be further impaired (30, 216). Giving the insulin at a later 
hour of the day does not alter the pattern of glycosuria to a significant extent. 
For this reason single morning doses of protamine insulin have been abandoned 
in most clinics. Usually if glycosuria can be controlled by a single dose of 
protamine insulin, it can be controlled equally well with a single smaller dose 
of regular or crystalline insulin. It has been suggested that glycosuria be 
neglected so long as it does not attain distressing proportions (252, 253). This 
is not, however, necessaiy if both protamine and regular insulin are used. 

The greatest value of protamine insulin is its ability to prevent the overnight 
rise of blood sugar and thereby the starvation phenomena that reduce the 
effectiveness of the morning dose of insulin (30, 140). Its slow action during 
sleep seems to maintain the continuous combustion of carbohydrate at a moder- 
ate rate. Its use is indicated whenever it is necessary to give two doses of 
insulin to control glycosuria. In this case, however, it is advisable to give a 
certain amount of regular or crystalline insulin at the same time for the reasons 
mentioned above. Some redisposition of the diet is also advisable. Because 
protamine insulin acts chiefly at night, patients who use this preparation should 
take some food before retiring to insure an adequate supply of carbohydrate to 
offset the action of the insulin (216), Because the action of protamine insulin 
continues until, and may be maximum just before, breakfast, it should not be 
administered, like regular insulin, 30 minutes or more in advance of the morning 
meal, but immediately before or during the meal. Patients should also be 
cautioned against vigorous exercise before breakfast. Failure to observe these 
precautions may result in serious hypoglycemia in the early morning. Some- 
times, in spite of the fact that the overnight specimen of urine contains large 
amounts of sugar, vague symptoms such as headache and nervousness or sweat- 
ing and weakness are experienced before breakfast. Because of the glycosuria 
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the insulin dosage is sometimes increased, although these are symptoms of 
hypoglycemia. The sugar in the urine is derived from the early hours of the 
night. This can be ascertained by having the patient void immediately upon 
arising and again just before breakfast. If this second specimen is free from 
sugar the dose of protamine insulin should not be increased and may have to 
be reduced. Confusion is increased because, under these circumstances, the 
amount of sugar in the specimen of urine voided after breakfast may increase 
as the dose of protamine insulin is raised because the hypoglycemic reaction 
before breakfast impairs the tolerance for this meal (30, 31, 32). 

Combined or mixed insulins. If both prolamine and crystalline insulin arc 
given thej' may be injected at the same time, immediately before or during 
breakfast. Seldom is it necessary' to give another injection of either later in 
the day if the relative proportions of the two are skillfully adjusted and the diet 
is well chosen and properly disposed. When a combination of the two insulins 
is used the crystalline insulin is regulated by means of the urines voided in the 
course of the activities of the day; the protamine insulin in accordance with the 
amounts of sugar in the urine voided on arising (or just before breakfast) and 
to a lesser extent the urine voided just before retiring. 

Protamine insulin contains such an excess of protamine that if it is mixed 
with crystalline insulin a certain proportion of the latter is converted to pro- 
tamine insulin (203, 256). For this reason clinicians for some time refrained 
from using mixtures of the two preparations, despite the obvious advantages 
of a single injection. It was discovered, however, that an injection of the two 
insulins, layered in a syringe, yielded an effect that was quite different from the 
action of an injection of the same amounts of a mixture of the two insulins. 
Moreover, this action proved to be predictable and reproducible. This is 
somewhat surprising in view of the fact that the two compounds, even if they 
have no opportunity to combine in the syringe, must become rather intimately 
mixed at the site of the injection. If both are given in a single injection, it is 
necessary to give a slightly larger proportion of crystalline insulin than if they 
are given separately, but not so much as if they are mixed in advance of in- 
jection (366). 

To insure greater uniformity of action it has been proposed that preformed 
mixtures be used which contain a certain proportion of insulin in excess of that 
required to combine with all the protamine in the commercial preparations 
of protamine insulin. Formulae for mixtures of this kind have been devised 
on an empirical basis. These formulae have been selected by ascertaining the 
proportions of the two insulins in a mixture that are most satisfactory for the 
average patient or the majority of patients. Mixtures varying from equal 
parts of the two preparations to crystalline: protamine = 3:1 have been pro- 
posed (51, 203, 257). Like all formulae devised to meet the needs of averages 
or majorities, these mixtures can not be accurately adapted to the highly 
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variable and continually changing needs of those individuals who do not behave 
like the average or belong to the majority. The author has, therefore, adhered 
to combined insulin formulae. If patients are carefully instructed in the tech- 
nique of layering and injecting, this method gives consistent results and allows 
delicate adjustment to the peculiarities of individual requirements. Peck 
(257) recommends the preparation of mixtures in the syringe immediately 
before injection. 

In the presence of serious complications, such as severe infections or injuries, 
which greatly reduce the tolerance to carbohydrate and the response to insulin, 
protamine insulin does not appear to have its usual effect. In such conditions 
more satisfactory results can generally be obtained by frequent doses of regular 
or crystalline insulin. 

Insulin sensitivity and resistance. These terms have been widely applied 
by different observers, quite inconsistently, to a variety of phenomena (82, 112, 
138, 201, 202). Juvenile diabetics and older patients with evidences of auto- 
nomic instability often require large doses of insulin, especially in the morning, 
to prevent glycosuria. On the other hand these same patients are prone to 
develop hypoglycemia with slight variations of diet, physical activity, etc. 
(30, 82). They are both more resistant and more sensitive than the average. 
The same group exhibits the overnight blood sugar rise most strikingly. These 
are the patients who presented the greatest problems of regulation when only 
regular insulin was available and who have especially benefited from combined 
insulin and proper distribution of meals. They appear to be peculiarly sus- 
ceptible to the effects of carbohydrate starvation induced by hypoglycemia. 
In some instances it is possible to maintain members of this group in an excellent 
state of nutrition on large amounts of carbohydrate with small doses of insulin, 
though complete omission of insulin may lead to the precipitate appearance of 
severe ketosis (32). 

In contrast to these is a group, usually mature or elderly, who may require 
la.ge amounts of insulin to overcome hyperglycemia and to eliminate glyco- 
suria, who tolerate considerable variation of insulin w-ithout experiencing 
hypoglycemia or serious symptoms. Often in these insulin may be omitted 
with no serious symptoms unless some complication has aggravated their 
condition. 

Finally, certain diabetics at all times and others at certain times display 
resistance to insulin of an entirely different order of magnitude. There are 
reports of patients who, in this state, had extreme hyperglycemia, glycosuria 
and ketonurk which could not be abolished by hundreds or even thousands of 
units of insulin (11, 196, 212, 217, 281, 296, 367, 374). The causes for this 
refractory behavior are but dimly understood. It is regularly encountered, 
but not to a maximal degree, in infections and certain other complications 
which will be discussed below; it has been reported in patients with extreme 
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instability of the autonomic system; it is encountered in the terminal stages of 
hcmachroraatosis or when diabetes is associated with other diseases that cause 
profound destruction of the liver. Frequent feedings and injections of insulin 
may alleviate the condition in these two last groups. There remains a propor- 
tion of resistant cases in which no obvious complicating condition can be dis- 
covered. It has been suggested that in these the insensitivity is a manifestation 
of allergy to insulin which results in inactivation or destruction of the injected 
hormone (123, 196, 197, 281). The evidence for this is not altogether satis- 
factory. Urticarial and other allergic reactions to insulin preparations are 
not uncommon, especially to amorphous and protamine insulin. Usually, 
however, these do not seriously depreciate the efficiency of the insulin (4)‘. 
Mason and Sly (217) have reported a patient who was refractory to insulin 
when he received glucose, but not when he was given fructose. This is not 
true of all cases (296). In some the hyperglycemia has been almost unaffected 
by even the largest doses of insulin (11, 105). This resistant state may be 
transitory or durable. Because certain patients have recovered their reactivity 
after an interval in which they received massive doses of insulin, Root and 
Carpenter (296) have suggested that the insulin allowed these patients to 
repair injury which the pancreas had suffered as it does in the dog rendered 
diabetic with anterior pituitary extracts. This seems highly improbable. 
It is the very incidence of these resistant cases together with those mentioned 
above with severe diabetes that can be controlled by small doses of insulin 
that constitutes the strongest argument against the uniform pancreatic origin 
of diabetes. Neither the depancrcatizcd nor the pituitary -diabetic animal is 
refractory to exogenous insulin. Inactivation of insulin, insulin-antagonists 
or some failure of the tissues to react may have to be postulated to explain the 
phenomena of resistance; but there is no direct evidence to support any one of 
these hypotheses 

Lactic and pyruvic acid in blood. The concentrations of lactate and pyruvate 
in the blood of patients with diabetes is not characteristically altered. After 
the administration of glucose, according to Klein (171), neither lactate nor 
pyruvate rise as much in the blood of the diabetic as they do in that of the 
normal subject. Insulin alone does not alter the concentrations of these 
compounds in the blood. 'When insulin and glucose are given together 
they rise proportionally in the normal manner. 

The general management of diabetes 

Before the advent of insulin all diabetic patients except those with mild forms 
of the disease were forced either to suffer continually from its symptoms or to 
live in a state of chronic undernutrition; those with the more severe forms had 
no choice but to die either from the direct effects of diabetes or from starvation, 
unless they were carried off by some infection to which their malnutrition 
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made them easy prey. Now that insulin is available to control the metabolic 
disturbance o! the disease, treatment can not be considered satisfactory unless 
the diabetic is restored to his normal walk of life with no other lets and hin- 
drances than the necessity of adhering to an appropriate diet and taking insulin. 
Moreover, these inescapable measures should be so prescribed that they will 
derange normal habits as little as possible and make the disability as incon- 
spicuous as possible to both the patient and his fellows. The patient should 
be kept in an optimum state of nutrition. There is no reason to believe that 
the disease is improved by undemutrition; but if it were, it would benefit its 
victim little to escape the evils of diabetes only to succumb to the consequences 
of nutritional disorders. Obesity is undesirable in any person; it is particularly 
to be avoided in the diabetic because the extra food which produces or main- 
tains excessive weight increases symptoms and insulin requirements. 

The diet in diabetes. To meet these specifications the diet must first of all 
contain an adequate amount of protein, not less than 1 gram per kilo of body 
weight. Low protein diets were advocated at one time because of claims that 
the diabetic patient used protein with peculiar economy and that high protein 
diets had a deleterious effect upon carbohydrate tolerance. These claims 
have not been substantiated (see chapter on Net Nitrogen Metabolism). 
Recently the pendulum has swung to the more generous use of protein in dia- 
betes as it has in the treatment of other diseases. Conn and Newburgh (54) 
have called attention to the fact that the blood sugar rises more after glucose 
than it does after an amount of protein that yields an equivalent quantity of 
carbohydrate. This they attribute to the more gradual metabolism of protein, 
which they advocate as a stabilizing dietary factor. On the whole there ap- 
pears to be no cogent reason to give more or less protein to the patient with 
diabetes than would be given to an individual similar in all other respects. 

Opinions differ about the amount of carbohydrate that the diabetic should 
receive.. Probably few would object if the minimum were set at 100 grams per 
day, not because it is impossible, but because it is difficult and disagreeable to 
subsist on less. A smaller quantity, properly distributed, will suffice to prevent 
ketosis and other phenomena of starvation; it will not, however, provide an 
individual with the bulk he craves nor with a vehicle for the fat w ith which he 
must make up his calories; it will not permit him to enjoy a little starch and the 
sweet taste of fruit at each meal; it will not permit him to eat inconspicuously 
with his fellows. To prescribe less than this is an unnecessary cruelty and a 
provocation to the patient to disregard dietary regulations. If 100 grams can 
not be tolerated without glycosuria insulin should be given. The tendency of 
late has been to give larger amounts of carbohydrate to all patients. A large 
proportion of the clinicians who have had broad experience in the treatment 
of diabetes allow mild diabetics to eat as much carbohydrate as they can tolerate 
without glycosuria, unless this is contraindicated by obesity. This course is 
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opposed by some on the basis of the animal experiments in which pancreatic 
degeneration under the influence of anterior pituitary extracts is aggravated 
by hyperglycemia. The doubtful relevance of these experiments to human 
diabetes has already been discussed. Even if their relevance were far more 
certain, however, it would not justify the prescription of intolerable diets or the 
substitution of the evils of malnutrition for the ills of diabetes. 

If insulin is required, it is reasonable to try to use the smallest quantity com- 
patible with the nutrition and happiness of the patient. There is, however, no 
advantage in reducing the carbohydrate below the minimum oF 100 grams 
specified above in order to avoid the use of insulin. It is usually possible to 
give larger quantities if attention is paid to its proper distribution. For reasons 
that have been given above in the discussion of the action of insulin, this be- 
comes far more important when insulin is given than when it is not. If advan- 
tage is taken of the effects of exercise and the intervals when insulin is working 
most actively and the blood sugar is low, considerable additional carbohydrate 
can be introduced with little or no extra insulin. In fact, if there has been 
definite hypoglycemia which is abolished by the extra carbohydrate this may 
efTcct an actual economy of insulin. Relatively large amounts of carbohydrate 
(more than 200 grams per day) have been advocated as a routine procedure 
without particular regard for its distribution by some clinicians (70, 174, 255, 
365). It has been asserted in support of this course that patients utilize more 
carbohydrate per unit of insulin on such regimes (255, 353, 365). Other things 
being equal this is inherent in the properties of insulin; on the same grounds 
carbohydrate in the diet might be increased almost indefinitely. From the 
standpoint of comfort and economy, however, bey ond certain limits the absolute 
quantity of insulin injected becomes more important to the patient than the 
proportion of insulin to carbohydrate. Diets greatly restricted in carbo- 
hydrate, such as were earlier used, are to be avoided; but there is a middle 
ground of contentment between these and diets rich in carbohydrate (200). 

The ration of carbohydrate can not be prescribed without consideration of 
the amount of fat, which must make up the total calories. If the aims of 
therapy stated above are to be attained, enough fat must be given to make the 
diet provide calories to meet the energy requirements of the individual. There 
is no reason to believe that the diabetic is not subject to the laws of thermo- 
dynamics or that he is endowed with any special ability to use foodstuffs with 
more than the usual economy. Nevertheless, the diets recommended by many 
authors for diabetics are lower than the standards commonly recommended 
for the population as a whole. Some of those who favor high carbohydrate 
diets advocate the limitation of fat (174, 365). The amounts of carbohydrate 
in these diets, although higher than those generally given to diabetics, are lower 
than those ordinarily taken by nondiabetic individuals. Consequently the 
additional restriction of fat must result in deficient calories. There is no evi 
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dence that large amounts of fat are harmful so long as they are accompanied by 
adequate quantities of carbohydrate (248, 363). If the caloric requirements 
are extremely high for occupational reasons, it may be impossible to provide 
the necessary amount of fat without extra carbohydrate to serve as a vehicle. 
In this case, however, the physical activity which creates the demand for high 
calories facilitates the combustion of the additional sugar. 

The use of unrestricted diets has been recommended, especially for children 
who are receiving protamine insulin or combined or mixed insulin (318, 333). 
Such diets can only be given at the risk of occasional severe hypoglycemia un- 
less the patient is permitted to excrete glucose constantly in variable, some- 
times undesirable quantities. 

The analysis of urine in the management of diabetes. If the maintenance of 
complete aglycosuria is the primary aim of diabetic treatment, quantitative 
determination of urinary sugar as a clinical procedure assumes a position of 
minor importance. It is far more important to analyze the urine qualitatively 
at frequent intervals. During the adjustment of insulin dosage it has become 
rather general practice to divide the urine into four fractions collected just 
before each of the three meals and before bedtime. By observations of the 
time of day when sugar appears it is possible to abolish it by altering the dis- 
tribution of food or the amount of insulin given. When the diabetes is well 
regulated on a constant regime the urine may be tested at less frequent inter- 
vals, depending on the severity and the stability of the disease in the individual. 
If patients are taking mixed or combined insulins, the most significant speci- 
mens are those voided on arising or just before breakfast (see above) and in the 
late afternoon or evening. The former is used as an index of the proper dose 
of protamine, the latter to regulate the crystalline insulin. 

In children and adults with extremely unstable metabolism the urine can 
seldom be kept constantly free from sugar without danger of serious hypo- 
glycemia. Greatest difficulty is usually encountered in controlling glycosuria 
after breakfast. The introduction of an extra feeding in the middle of the 
morning is not always a satisfactory solution of this problem because of the 
capricious incidence of the hypoglycemia. For this reason the excretion of 
some sugar at this time is regarded with equanimity by a large proportion of 
clinicians. Himsworth (139) is content if 2 out of 6 specimens in the course 
of the day are free from sugar. In the more stable cases it is both advisable 
and safe to maintain the urine continually free from sugar. Nevertheless, 
even patients of this kind should try to reduce the insulin at intervals to 
insure that they are not using more than they require. If an infection or other 
complication occurs to reduce tolerance the urines must be frequently examined 
and the insulin must be increased accordingly; otherwise there is serious danger 
of acidosis. In the face of severe ketosis examination of the urine is not an 
entirely reliable guide to treatment because urine can not be collected at fre- 
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quent enough intervals and therefore does not give an accurate indication of 
the condition at any given time. Introduction of an inlying catheter, even 
with the most meticulous technique, may irritate the urethra and bladder and 
give rise to infection. Under these conditions it is far safer to use the blood 
sugar as a guide. 

It has been suggested that glycosuria be permitted so long as it does not reach 
sufficient magnitude to provbke symptoms of polyuria and pofydypsia. Al- 
though there is no conclusive evidence that glycosuria per se is deleterious, it 
docs entail the loss of a variable and often considerable amount of carbohydrate. 
As much as 100 to 150 grams per day may be excreted by some patients without 
distressing polyuria and nocturia. A patient who excretes as much sugar as 
this when he is receiving limited amounts of carbohydrate has a low margin of 
safety and can not by qualitative analysis of the urine detect a depreciation 
of tolerance. It is not always safe to wait until he is apprised of such a deterio- 
ration by symptoms. 

The analysis of blood in /he management of diabetes. It is frequently suggested 
that the blood sugar, rather than the urine sugar, be used to regulate treat- 
ment, on the grounds that hyperglycemia is injurious and that absence of glyco- 
suria does not insure absence of hyperglycemia. Even if it were unequivocally 
established that hyperglycemia is noxious, the maintenance of a normal blood 
sugar throughout the 24 hours in the diabetic patient would be, for reasons 
given in the discussion of the blood sugar above, not only impracticable, but 
positively dangerous. If gross glycosuria is not permitted, the utilization of an 
adequate amount of carbohydrate can be assured. The appearance of large 
amounts of sugar in the urine serves as a warning that the regimen should be 
changed If the course of the blood sugar in relation to meals and activities is 
considered it is also evident that in order that the urine for the 24 hours may 
contain only a small quantity of glucose the blood sugar can not be greatly 
elevated for any large proportion of the day. Attempts to eliminate all the 
peaks that rise above the normal limits in response to meals must inevitably 
result in subsequent hypoglycemic episodes, which are more deOnitely in- 
jurious and certainly far more distressing to the patient than hyperglycemia 
of which he is altogether unaware. 

The postabsorptive blood sugar may aid in the diagnosis of diabetes, but 
it is altogether arbitrary to insist that the blood sugar be kept normal at this 
particular time of day. If hyperglycemia is deleterious it is probably as harm- 
ful at one time as another. Blood sugar measurements are most valuable 
for the elucidation of the anomalous behavior of the individuals who are diffi- 
cult to regulate. The discovery of a hyperglycemic peak or, perhaps more 
often, an unexpected hypoglycemic depression may be the clue to the elimina- 
tion of glycosuria or symptoms in some particular part of the 24 hours. If the 
blood sugar is to be used for these purposes it must be determined not at any 
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conventional hour, but at the time which is indicated by the pattern of glyco- 
suria or symptoms of the particular case under consideration. The object 
must be to discover and eliminate hypoglycemia quite as much as hyper- 
glycemia. 

When urine Can not be obtained because of urinary suppression, retention 
or incontinence, the blood sugar becomes the sole guide to therapy. The blood 
sugar must be the chief reliance also when there is partial retention or a large 
residual urine because, under these circumstances, the urine collected over any 
one period is not an accurate record of that period since it contains a certain 
proportion of urine from preceding periods. In the presence of acute com- 
plications, immediately after operations, and in the management of severe 
ketosis, when the carbohydrate metabolism is changing rapidly, treatment 
can not be conducted with the necessary speed and vigor unless the blood sugar 
is ascertained at frequent intervals. 

Diabetic acidosis 

The causes oj diabetic acidosis. Any complicating condition which diminishes 
the carbohydrate tolerance of the diabetic patient may precipitate ketosis. 
The commonest complications of this kind are acute infections (18, 24, 108, 214, 
261, 271). Severe injuries and vascular accidents may have a similar action. 
These conditions will be considered at greater length below. Omission of in- 
sulin is one of the most frequent causes of ketosis. Not infrequently insulin 
is omitted for fear of provoking hypoglycemia when a patient has vomited or 
is unable to eat. If vomiting and anorexia are, as is often the case, merely 
symptoms of some complication, possibly an infection, they may mark a sudden 
deterioration of tolerance which increases, not decreases, the need for insulin. 
Even if this is not the case, vomiting and failure to eat create a state of starva- 
vation which reduces the ability of even the normal person to utilize carbo- 
hydrate and induces ketosis. 

It has long been held that neglect of diet, which usually implies overindul- 
gence in carbohydrate, can provoke ketosis, although all physiological evidence 
indicates that ketosis can be allayed or prevented by the administration of 
large amounts of carbohydrate, in spite of the fact that they exaggerate hyper- 
glycemia and glycosuria. Mirsky and associates (234) have demonstrated 
quite conclusively that this physiological evidence is relevant to clinical dia- 
betes. By a dmin istration of large excesses of carbohydrate to diabetic patients 
receiving insufficient quantities of insulin they prevented or abolished ketosis, 
in spite of the fact that they greatly aggravated glycosuria. Mirsky (233) has 
further emphasized the importance of starvation as a contributor)' factor in 
the production of ketosis. This has been mentioned above in connection with 
vomiting and anorexia. Another cause of carbohydrate starvation, hypo- 
glycemia, has been neglected. Especially in children it is not uncommon to 
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see ketosis ushered in by vomiting which was preceded by a hypoglycemic 
episode provoked by unwonted excitement or activity (254). 

The significance of ketosis. Ketone bodies increase in the biood and appear 
in the urine whenever the oxidation o! carbohydrate and the supply of pre- 
formed carbohydrate are reduced so far that the animal is forced to subsist 
upon protein and fat. Mild transient ketonuria is encountered not infre- 
quently even in comparatively well regulated diabetics after periods of over- 
insulinization or in severe cases when the dosage of insulin is not large enough 
or properly distributed to maintain the combustion of sufficient carbohydrate 
throughout the 24 hours. Acidosis of this degree can be tolerated for con- 
siderable periods without immediately serious consequences. It is, however, 
usually attended by polyuria, polydypsia and loss of weight. In this state the 
patient is in a precarious position, burning so little carbohydrate that the mar- 
gin of safety is dangerously small. 

Ketosis sufficiently severe to cause reduction of plasma bicarbonate and over- 
ventilation probably signifies that there is no appreciable combustion of carbo- 
hydrate. In most animals such a condition can only be produced by super- 
imposing the effects of starvation or phlorizin upon those of pancreatectomy 
(233, 264). Glycosuria becomes profuse even if no carbohydrate is given 
because protein is broken down in large quantities to supply glycogen which 
can not be used, but is excreted as glucose in the urine. Liver glycogen is 
rapidly exhausted. The blood sugar rises to extreme heights; values of 1000 
mg. per cent or more have been reported (18, 24, 63, 214, 295). The degree 
of hyperglycemia is not, however, an accurate index of the gravity of the 
condition. Root (295) has reported a series of cases in which the average dose 
of insulin required to overcome ketosis was directly related to the average 
blood sugar; but such averages can be interpreted only if the dispersion of values 
within each group is known. In a similar analysis Kydd and Peters (261) ob- 
served unusually high blood sugars in some patients quite early in the develop- 
ment of acidosis, before this had advanced to a critical point. Presumably 
these subjects had plentiful supplies of carbohydrate which were suddenly 
released into the blood stream. They were relatively well nourished. Many 
of them had received carbohydrate recently. KeLosis seldom progresses far 
before vomiting intervenes to cut off effectually the exogenous supply of carbo- 
hydrate. After this the only source of blood sugar is the tissue proteins. 
Consequently an equilibrium is established between the production and excre- 
tion of glucose. When acidosis developed more gradually, when it occurred 
in subjects already malnourished or subjects who had received little or no food, 
and when it had lasted for a considerable period, the hyperglycemia was usually 
more moderate. In some of the most desperate cases the blood sugar lay 
between 350 and 500 mg per cent. Baker (18) has reported a similar experi- 
ence. When extreme hyperglycemia was observed in such a case it often 
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denoted the presence of some infection that had accelerated the metabolism 
and the destruction of protein. 

The blood sugar, therefore, must be evaluated with due consideration of the 
antecedent record and treatment of the patient and all associated clinical 
phenomena. 

The treatment of diabetic acidosis. It is the dehydration and circulatory 
collapse which attend this condition, rather than the disturbance of carbo- 
hydrate metabolism, that actually determine its outcome. The energy re- 
quirements of an animal and the functional integrity of its tissues and organs 
can apparently be met by products derived from fat and protein with the 
combustion of no more than insignificant quantities of carbohydrate. But 
this necessitates the introduction into the oxidative machinery of ketone acids 
which rob bicarbonate of its base. At the same time the enormous quantities 
of glucose presented to the kidneys can not be excreted without proportionally 
large amounts of fluid which, at least after nausea and vomiting have shut off 
the outside supply, must be derived from the stores of water in the body. Salt 
depletion also ensues. All these disorders will be considered in other chapters. 
They are mentioned here to emphasize the fact that treatment can not be 
confined to rectification of the metabolic defect of carbohydrate metabolism 
alone. Since, however, this defect is the primary' source from which these 
secondary evils spring, every effort must be made to correct it with the utmost 
expedition. Only the measures directed to this end will be considered at this 
time. 

The first and most important measure is the administration of large doses 
of insulin at frequent intervals. It is generally recognized that patients with 
severe diabetic acidosis are peculiarly refractory to the action of insulin (18, 
295). Even an exceedingly large dose, 100 to 200 units, may have no appre- 
ciable effect upon the blood sugar at the usual interval. In fact there is some 
reason to doubt whether these large doses are more effective than frequentdoses 
of moderate size. The general practice in the author’s clinic is to give an 
initial dose of 40 to 50 units, followed by hourly doses of 20 to 40 units until 
the blood sugar begins to descend definitely. This descent usually begins 
after an interval of 2 to 4 hours, depending on the severity of the condition ; 
sometimes it is delayed as long as 6 or even 8 hours in the most refractory cases. 
The cause of this resistance has not been ascertained; it is possible that it is a 
manifestation of extreme carbohydrate starvation. When the blood sugar 
begins to decline it may fall with great rapidity. The rate of administration of 
insulin must, therefore, be sharply reduced, lest hypoglycemic shock be added 
to the insults from which the circulation is already suffering. Undoubtedly 
this has been the cause of many unnecessary deaths. In the light of this 
description there should be no need to stress the necessity of controlling the 
treatment by frequent determinations of the blood sugar. Analysis of the 
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urine for sugar and ketone bodies is altogether inadequate when time is of such 
importance, even if the patient is exposed to the risk of urinary tract infection 
by an inlying catheter. Every hour wasted in uncertainty diminishes the 
chances of recovery. Although symptoms must not be neglected, these are 
only supplements to, not substitutes for, accurate knowledge of the course 
of the blood sugar. Frequent large doses of insulin, which are essential, can 
not be given with assurance if the blood sugar is in doubt. Hypoglycemia 
should be prevented; it may be difficult or impossible to reverse its disastrous 
effects. 

Always there has been some division of opinion whether glucose should or 
should not be administered with the insulin. Cases have been successfully 
treated without glucose, and this procedure is advocated in some clinics (164, 
214, 295). A large proportion of clinicians, however, favor the simultaneous 
use of insulin and glucose to combat ketosis (42, 136, 184). On purely physi- 
ological grounds this would seem to be a rational procedure. Both in experi- 
mental (235) and clinical diabetes (234) Mirsky has demonstrated that ketosis 
is eliminated or abated by the administration of large amounts of carbohydrate. 
Himsworth (136) succeeded in diminishing ketosis of diabetic patients by 
means of glucose without insulin. The objection has been raised that since 
there is already hyperglycemia, a large source of glucose is available in the 
blood. The actual quantity of glucose in the body is not, however, extremely 
large, although it seems large when expressed in mg per cent This is probably 
the only reserve of carbohydrate; there is reason to believe that the liver in 
severe ketosis contains only minimal quantities of glycogen. The glucose in 
the body fluids, furthermore, must originate altogether from protein and the 
glycerol of fat. Large proportions of it arc constantly being wasted in the 
urine It was under entirely similar conditions that Mirsky, Heiman and 
Broh-Kahn (235), by injecting glucose into depancrcatized dogs, succeeded in 
reducing the destruction of protein and the overproduction of ketone bodies. 

Presumably oxidation of carbohydrate will not begin until a certain amount 
of glycogen has been deposited in the liver. This process may explain the early 
period of resistance to insulin, mentioned above. Unless man differs radically 
from the dog in his reactions, hepatic glycogenesis should be accelerated by 
injections of glucose. There is little danger of exceeding the degree of hyper- 
glycemia that facilitates combustion of sugar. In dogs Wierzuchowshi (375, 
376) found that this limit was not reached until the blood sugar had risen to 
about 2000 mg. per cent or higher. 

Josbn (164) and Root (295), who are among the chief opponents of the use 
of glucose, have cited certain cases to prove the injurious effects of sugar in 
diabetic acidosis. These patients seem to have died, not because they received 
glucose, but because they were given either no insulin or no treatment for 
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dehydration and circulatory collapse. Root (295) opposes the administration 
of glucose because “no more than 5 or 10 grams of carbohydrate can or need 
be oxidized per hour in order to check ketone formation,” a statement based 
on certain observations made with Carpenter (297). The large quantities of 
carbohydrate with which Mirsky (234) prevented ketosis were not oxidized 
in toto; but, by giving such large amounts he was able to effect the oxidation 
of the necessary* moiety. Root and Carpenter (297) did not exhaust all ex- 
pedients to accelerate carbohydrate metabolism. Surely a man can oxidize 
more than 240 grams of carbohydrate per day; there is more than this in the 
dietary of the average adult. The argument that glucose “neutralizes the 
action of insulin” has no weight. It neutralizes the hypoglycemic action of 
insulin which depends entirely upon the accelerated combustion of carbo- 
hydrate, a highly desirable reaction. It is claimed that glucose, by elevating 
or sustaining hyperglycemia, makes it difficult to determine the required insulin 
dosage. In the acute stage of diabetic acidosis it is less urgent to reduce the 
blood sugar than to insure combustion of carbohydrate which is promoted by 
hyperglycemia. The alleged harmful effect of hyperglycemia upon the pan- 
creas is based on experiments that have not as yet been proved relevant to 
human diabetes. Furthermore, even in the animal receiving anterior pituitary 
extracts only chronic, not acute, hyperglycemia causes irreversible damage 
to the pancreas. 

When the pros and cons are balanced, the weight of evidence favors the use 
of glucose on physiological grounds. There is an additional purely practical 
argument in favor of this procedure: it reduces the danger of hypoglycemic 
reactions and, therefore, permits insulin to be given with less restraint when 
rapid action is required. 

In the author’s clinic, as soon as the first dose of insulin has been given to the 
patient with diabetic acidosis, an intravenous infusion of 500 cc. of 10 per cent 
glucose solution is begun, together with the subcutaneous injection of normal 
saline solution. The glucose is injected comparatively slowly. After this 
infusion is completed, the administration of glucose is continued intravenously 
at a rate of about 10 grams per hour until the blood sugar, which is determined 
frequently, begins definitely to descend. At this time glucose is given at a 
faster rate, about 20 grams per hour, while the dosage of insulin is reduced as 
described above, both glucose and insulin being adjusted according to the course 
of the blood sugar. Oral administration of fluids is not instituted until the 
patient has been completely conscious and entirely free from gastrointestinal 
symptoms and signs for from 2 to 6 hours. 

Use of lactate in diabetic acidosis. Hartmann (124) has suggested the injec- 
tion of sodium lactate solution In the treatment of diabetic acidosis, both as a 
means of restoring the blood bicarbonate and providing a substitute for carbo- 
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hydrate. The use of alkalis in the treatment of diabetic acidosis will be dis- 
cussed in the chapter on Carbonic Acid and Acid-Basc Balance. Lactic acid 
is removed from the blood without difficulty by diabetic patients and animals, 
presumably to form glycogen in the liver and thereby to contribute to the 
blood glucose. It can only be oxidized after it has undergone this conversion. 

Surgical treatment of diabetes. A variety of procedures have been proposed 
for the treatment of diabetes, all based on the principle of eliminating some one 
of the various factors that may accelerate the utilization of carbohydrate. 
Among these are splanchnic nerve section (337), total thyroidectomy and 
RSntgen irradiation of the pituitary gland. In spite of the favorable claims 
of the advocates of these measures, they have not been widely adapted, because 
they arc not theoretically sound nor practically effective. The splanchnic 
nerve section has been discussed by Depisch et al (62) and Lucke (199). Al- 
though removal of the thyroid does improve the tolerance for carbohydrate, 
this is more than balanced by the production of myxedema (378). The alleged 
beneficial effects of pituitary irradiation have not been generally confirmed 
(58, 267). 


HVTERINSULINISU AND HYPOGLYCEMIA 

If sufficient insulin is given to an animal to reduce the blood sugar to such 
low levels that blood glucose approaches the vanishing point, symptoms de- 
velop which vary from nervousness, disorientation and sweating, to tremors, 
convulsions, and finally coma and death (205). These symptoms are relieved 
by measures that restore the normal concentration of glucose in the blood, of 
which the most generally effective is the administration of glucose itself or of a 
disaccharide such as sucrose that yields glucose in the digestive tract. If the 
subject can not take sugar by mouth, glucose should be injected intravenously. 
Hyperglycemia is not relieved or is only slow !y relieved by monosaccharides 
other than glucose (33, 210) or by other substances, e.g., dihydroxyacetone 
(189), which form glucose, because these compounds contribute glucose to the 
blood only after they have first been converted to glycogen by the liver. 

In 1924 Harris (121) reported 5 cases of spontaneous hypoglycemia asso- 
ciated with mental and circulatory symptoms similar to those induced by 
injection of insulin. He suggested that this disturbance might arise from some 
disorder of the pancreas. Three years later Wilder, Allan, Power and Robert- 
son (377) discovered a carcinoma of the islands of Langerhans in the pancreas 
of a patient with a similar condition. Since then the number of cases of spon- 
taneous hypoglycemia in the literature has multiplied at an ever increasing 
rate. 

Conn (52) from his own experience, and a review of the literature, has pro- 
posed a classification of the causes of spontaneous hypoglycemia which is epit- 
omized in the following table: 
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TITE ETIOLOGY OP SPONTANEOUS JIYPQCLY CElfl A 

I. ORGANIC, with recognizable anatomic lesions. 

a) Pancreatic (Hyperinsulinism), caused by benign or malignant neoplasms of the 

islands of Langerhans or bj generalized hypertrophy and hyperplasia of these 

structures. 

b) Hepatic. 

1. Diseases that cause such massive destruction of the organ that its capacity 
to store giycogen is greatly reduced: extensive degenerative or infectious con- 
ditions and destruction by tumors. 

2. Glycogenosis (von Gierke's disease). 

c) Pituitary, caused by destruction, atrophy or degeneration of the anterior lobe of 

the hypophysis (Simmonds’ disease) 

d) Adrenal, caused by destruction or atrophy of the adrenal cortex (Addison's 

disease). 

e) Central nervous system Associated with lesions of the brain and brain stem. 

II FUNCTIONAL, without recognizable anatomic lesions. 

a) Post alimentary and exertional. 

b) Hypoglycemia of pregnancy and lactation. 

c) Renal glycosuria 

d) Autonomic imbalance. 

Of these the hepatic, pituitary and adrenal types will be discussed in sub- 
sequent sections dealing with the disturbances of carbohydrate metabolism in 
diseases of these organs. Fostalimentary and exertional hypoglycemia have 
already been mentioned. The effects of disordered pregnancy and lactation, 
together with renal glycosuria, will be considered later. In this section atten- 
tion will be confined to the hypoglycemias of pancreatic origin and those arising 
from nervous influences without obvious lesions of the central nervous system. 

Pancreatic hypoglycemia { hypcrinsulinism ). Spontaneous chronic hypo- 
glycemia has been reported in conjunction with both benign and malignant 
tumors of the pancreas (43, 52, 53, 122, 223, 370, 377), most frequently benign. 
The tumors have been removed in a large number of cases with relief of the 
hypoglycemic attacks. The symptoms which call attention to the condition 
are usually convulsive seizures or attacks of unconsciousness occurring in the 
early morning or some hours after meals, not uncommonly' precipitated by 
unwonted exertion or excitement. Occasionally the hypoglycemia expresses 
itself only in peculiar disorders of behavior. It is often possible to elicit a 
record of milder attacks, characterized by profuse sweating and weakness with 
confusion, rapidly relieved by eating. The organic hypoglycemias are more 
durable, and therefore more dangerous, than the functional types because the 
stimulus to combustion of sugar is more vigorous and persistent, while counter- 
reactions are less effective. Conn (53) has shown that, although carbohydrate 
combustion diminishes when the supply fails, as it does in normals, the blood 
sugar continues to fall. The liver does not yield glucose to restore it, either 
because glycogenolysis is not accelerated to the usual extent or because glycogen 
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production from protein is retarded. Death' during pancreatic hypoglycemia 
has occurred, occasionally despite injections of glucose (93). In these instances 
the brain has probably been irreparably damaged (208). Other patients 
have suffered permanent, but not lethal, injuries to the central nervous sys- 
tem (43). 

II the individual attacks last more than a short time it may be presumed 
that they are organic in nature. The converse, however, is not true; patients 
with secreting pancreatic tumors may have mild, short attacks in the early 
stages of the disorder. This seldom persists long, however, without major 
seizures. The existence of a blood sugar below 40 mg. per cent in the post- 
absorptive state Conn (52) considers to be almost pathognomonic of organic 
hypoglycemia. Certainly blood sugar as low as this is rarely, if ever, encoun- 
tered in normal persons or persons with functional hypoglycemia. It is not, 
however, invariably observed in hyperinsulinism. The diagnosis of organic 
hypoglycemia can be established by the glucose tolerance curve. The most 
constant characteristic of this curve is persistent postalimentary hypoglycemia. 
Conn (52, 53) emphasizes the small rise of blood sugar as a feature by which 
hyperinsulinism can be distinguished from hepatic disease, in which the ali- 
mentary hyperglycemic action is more elevated and prolonged than normal. 
This distinction is not, however, altogether reliable. Harris (122) and others 
(2) have reported in patients with pancreatic adenomata excessive and pro- 
longed hyperglycemic reactions to glucose, not unlike the starvation curves 
that follow hypoglycemic reactions from exogenous insulin. The hypoglycemia 
of hyperinsulinism may be noticeable in 2 hours or may not appear until 4 or 5 
hours after the ingestion or injection of glucose. But, once established, it 
persists with little variation for an indefinite period. The conventional 2 to 
3 hour glucose tolerance test is, therefore, of little value for the diagnosis of 
hyperinsulinism. It is more useful to examine the blood sugar before and at 
intervals up to 6 hours after the ingestion or injection of a test dose of glucose. 
Convenient intervals are 2, 4,5 and 6 hours. If the sugar in two or more of the 
last blood samples is extremely low (less than 40 or 50 mg. per cent, depending 
upon the analytical method employed), a diagnosis of organic hypoglycemia is 
justified. The absence of other evidences of hepatic, pituitary or adrenal 
cortical deficiency identifies the condition as pancreatic hypoglycemia. 

The most desirable treatment is operative removal of the tumor. This may, 
however, be so small that it escapes discovery. Partial or subtotal pancrea- 
tectomy has been proposed and practised in these cases with variable results 
(3, 222). It has been plausibly suggested that in those instances in which this 
operation has proved successful an adenoma has been included in the resected 
mass. In the author’s experience extensive resections have been of no benefit 
if an adenoma is left behind. An exception may have to be made of those cases 
in which no tumor, but general hyperplasia of the islands of Langerhans, has 
been found (266). 
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When hyperinsulinism is mild, or when operation is refused, contraindicated 
or unsuccessful, palliative dietary treatment may be tried. Frequent meals 
containing large amounts of carbohydrate were first employed, but proved 
unsuitable for most cases. Although carbohydrate immediately prevented or 
corrected hypoglycemia, it accelerated the combustion of sugar. Consequently 
it reduced the tolerance for starvation and, in severe cases, increased the fre- 
quency and gravity of the seizures when the intervals between meals were 
slightly prolonged. High carbohydrate diets were especially ineffective in 
preventing nocturnal seizures. In addition, those patients who did take suf- 
ficient food frequently enough developed distressing obesity (52, 122). For 
this reason Harris (122) proposed instead diets containing large amounts of 
fat and little carbohydrate, in order to retard the combustion of carbohydrate. 
Although somewhat superior to high carbohydrate diets, these high fat diets 
are not effective in most instances. It is not possible to inhibit the oxidation 
of sugar entirely by merely eliminating exogenous carbohydrate. Moreover, 
a diet sufficiently restricted in carbohydrate to approach this objective is 
expensive, hard to prepare and unpalatable. Slight errors in its preparation 
and minor infractions nullify the action of such a diet, consequently precipitat- 
ing hypoglycemia which compels administration of further sugar. Conn (52) 
advocates a diet containing little carbohydrate, but much protein to furnish 
a more continuous supply of glycogen at a constant slow rate. John (160) 
has proposed the administration of exogenous insulin in an effort to suppress 
the secretion of endogenous insulin by the tumor. He gives the insulin about 
10 minutes after each meal. Although some success is claimed from both high 
protein diets and insulin, neither provides a satisfactory way of life for most 
cases over a long period. All the dietary regimes that have been proposed 
may a! Lay, but seldom abolish, the hypoglycemic seizures, committing the 
patient to a precarious existence. 

Functional hypoglycemia represents merely an exaggeration of normal physio- 
logical reactions. As a transient phenomenon it occurs in all persons at the 
termination of alimentary hyperglycemia. In a certain number it may assume 
symptomatic proportions, especially if it is augmented by exercise or other 
circumstances that accelerate the combustion of carbohydrate. In some 
individuals starvation or dietary restriction combined with prolonged intervals 
between meals causes hypoglycemic reactions during these intervals. Usually 
the symptoms are quite mild, consisting of an acute sensation of hunger, sweat- 
ing and weakness, and occasionally tremors. Sometimes they attain major 
proportions, expressing themselves in convulsions or coma. Unlike the similar 
seizures of organic hypoglycemia, however, these seizures are usually rapidly 
self-terminative, because the counterreactions are prompt and vigorous. For 
the same reason functional hypoglycemia often escapes detection. The fea- 
tures that distinguish persons who are susceptible to functional hypoglycemia 
can not be defined with precision. The majority display instability of the 
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autonomic reactions, especially evident in the vasomotor system, to which 
such terms as “autonomic imbalance” have been attached. But not all persons 
with vasomotor instability react with excessive hypoglycemia, and among those 
who do certain distinctive patterns of reaction can be recognized. 

Josephs (163) first reported that some children were subject to hypoglycemia 
and convulsions after the omission of meals. This lias been confirmed by other 
observers. These attacks are likely to occur late at night or in the early 
morning. Sometimes they are precipitated by nausea and vomiting following 
unusual exercise or excitement or at the onset of an infection (280, 303). The 
hypoglycemia is accompanied by ket omnia (303) . These reactions occur most 
commonly in children with unstable and nervous temperaments (3C3). This 
is a manifestation of the tendency of the child to bum carbohj drate and expend 
glycogen stores more rapidly than the adult does. 

Occasionally adults have attacks of unconsciousness or convulsions related 
to functional hypoglycemia (52, 116). Too often the etiological factor escapes 
detection and the patient is stigmatized as an epileptic. Functional hypo- 
glycemia can be differentiated Irom idiopathic epilepsy in most instances by its 
tendency to appear always at the same time of day or under similar circum- 
stances. The commonest times for its appearance are during the night and 
before the evening meal. Less frequently they precede the noon meal. On 
questioning it can generally be discovered that before these seizures the patient 
indulged in excessive exercise or was unduly excited, and frequently that the 
evening meal was delayed. Nocturnal attacks follow unwonted physical 
activity prolonged beyond the usual hour without any extra meal before retir- 
ing. It is extremely difficult to establish the diagnosis of hypoglycemia in these 
subjects. Both the postabsorptivc blood sugar and the sugar tolerance curves 
are ordinarily normal. Even blood sugars taken at the times when attacks 
are known to occur may be normal because the seizures depend upon certain 
concomitant circumstances that may not be reproducible. Only by accident 
is the opportunity offered to secure a sample of blood just before or at the onset 
of an explosion. Greatest reliance must be placed on the history and the effects 
of therapy. Any person who is subject to epileptiform seizures or their equiva- 
lents which conform in their incidence to the pattern described above, bearing 
a definite relation to meals, deserves to be treated as if he had functional hypo- 
giycezaa. The treatment consists o! establishing the habit of taking meals 
at regular intervals, with extra feedings for unusual exertion or when stajing 
up especially late at night. Complaints, from patients on reducing diets, of 
extreme hunger and weakness between meals must not be dismissed as mere 
signs of human frailty; they may be symptoms of hypoglycemia. 

Although in certain cases functional hypoglycemia may give rise to a clinical 
picture distinguishable from idiopathic epilepsy only in its peculiar relation to 
meals and activity, these cases make up a small proportion of the total number 
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of epileptics. In true idiopathic epilepsy convulsions are not precipitated by 
nor associated with hypoglycemia (389). 

Attention has been called to the fact that functional hypoglycemia is espe- 
cially apt to occur in subjects with autonomic imbalance. It has been reported 
with encephalitis (226) and with lesions in the region of the basilar ganglia. 
In these cases it can not be inferred that an area directly concerned with the 
control of carbohydrate metabolism has been injured. The lesion may have 
done no more than produce autonomic imbalance. 

Hypoglycemia of the new-born of diabetic mothers has been reported, in some 
instances accompanied by hypertrophy of the islands of Langerhans (134, 231, 
232, 277, 278, 316). The latter has been interpreted as an attempt on the 
part of the fetus to compensate for the deficiency of the mother. If this is the 
cause or purpose of the hypertrophy it is only imperfectly effective, because 
carbohydrate tolerance frequently deteriorates during that phase of pregnancy 
in which the fetal pancreas develops. The hypertrophy of the fetal pancreas 
is not correlated with the severity of the maternal diabetes (232, 278). Indeed 
it has been observed in infants whose mothers had only slight glycosuria and 
even in infants of women who did not develop diabetes until after pregnancy. 
It is not peculiar to infants of diabetic mothers (231, 232). Hypoglycemia in 
the new-born is not confined to infants of diabetic mothers nor is it common 
to the majority of such infants (231, 232, 316). It does not seem to be responsi- 
ble for the high neonatal mortality of these infants as has been suggested (277). 

BENIGN GLYCOSURIA 

Glycosuria is ordinarily constant in untreated diabetic patients, relatively 
infrequent in normal individuals. For this reason naturally occurrmgmelituria 
is often erroneously interpreted as evidence of diabetes. The frequency of 
benign types among naturally occurring glycosurias is indicated by the fact 
that Holst (146) found, among 150 people rejected for life insurance because of 
melituria, only 30 per cent that had true diabetes mellitus or who developed 
this disease during follow-up periods which covered 15 to 16 years. Others 
have given somewhat low er figures, but all agree that nondiabetic glycosuria is 
extremely common (164). iVondtabelfc mefiturias can be divided into the 
following groups (79, 146): 

I. Meliturias in which the urinary sugar is not glucose. 

a) Pentosuria 

b) Fructosuria 

Exogenous 

Endogenous 

c) Galactosuria 

d) Lactosuria 

e) Sucrosuria 

f) Maltosuxia 
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II. Glycosuria. 

a) Symptomatic 

1. Starvation diabetes 

2. Traumatic 

3. Infections 

4. Hyperthyroidism 

5. Pituitary 

6. Adrenal 

A. Epinephrine 

B. Adrenocortical 

7. Pregnancy 

8. Hepatic 

b) Renal diabetes 

c) Benign or functional glycosuria 

Of these, the first class, mcliturias in which the urinary sugar is not glucose, 
has been discussed earlier. Starvation diabetes has also been discussed. The 
other symptomatic glycosurias will be considered later in connection with the 
pathologic conditions from which they arise. Attention here will be centered 
upon renal diabetes and benign or functional glycosuria. 

In general, when melituria occurs only after meals and not in the postabsorp- 
tive state, a diagnosis of diabetes should not be made without further investi- 
gation. Fructosuria, galactosuria, lactosuria, sucrosuria, maltosuria, symp- 
tomatic glycosuria or functional glycosuria should he suspected. A glycosuria 
which occurs only after the first meal of the day suggests symptomatic or 
functional glycosuria. The discovery of a normal postabsorptive blood sugar 
when the patient is on an unrestricted diet argues against diabetes. If the 
melituria persists even in the postabsorptive stage a renal diabetes or the 
excretion of some abnormal sugar of endogenous origin should be suspected. 
The final criterion should be the glucose tolerance curve. If this is normal, 
the sugar must be identified. 

Renal diabetes. ( Benign glycosuria due to “ low sugar threshold.") In modern 
terms this is a condition in which the capacity of the renal tubular cells to re- 
absorb glucose is deficient. It is comparable to the state produced by the 
injection of phlorizin. In this condition the blood sugar, after the administra- 
tion of glucose or starch, rises no further than normal and sinks again to the 
normal concentration within the usual time, indicating that the utilization of 
glucose by the tissues is unimpaired. Glycosuria, however, instead of begin- 
ning only after the blood sugar has risen to 170 or 180 mg. per cent, begins 
when it reaches 150, 140, 130, or even 110 mg. This gives rise to transitory 
glycosuria after a carbohydrate feeding. In the mildest cases the glycosuria 
is intermittent, occurring only when an uncommonly large consumption of 
carbohydrate raises the blood sugar to an unusual height. In more severe 
cases glycosuria may occur after almost every meal. 



CLINICAL 


333 


In the most severe cases sugar may continue in the urine even when the 
blood sugar is at or below the normal postabsorptive concentration. Many 
observers would limit the term “renal diabetes” to this group. Prom a clinical 
point of view this is a useful distinction because these are the only cases in 
which the condition ever assumes symptomatic proportions. In the majority 
of these, the leakage is usually so small that it does not appreciably affect 
nutrition. The total amounts of glucose excreted are not important. Respira- 
tory quotients are normal (178, 253); polyuria is seldom if ever encountered. 
Examples of sugar tolerance curves of subjects with renal glycosuria are shown 
in figure 34. 

The condition is far rarer than the literature would indicate (80, 146, 211), 
because the rigid criteria required for a diagnosis are not observed. It is not 



Fig. 34. Benign glycosuria, continual because threshold is below fasting blood sugar level. 
Upper curves after ingestion of 63 grams glucose (1 gram per kilogram). Loner curves 
after ingestion of SO grams glucose (1 gram per kilogram). S+ indicates sugar in urine. From 
Holst (146). 

enough to find glucose in a sporadic urine specimen while the venous blood 
sugar is normal. It must be ascertained that this' glucose was excreted while 
the blood sugar was normal. If the looser definition of renal diabetes is ac- 
cepted, capillary or arterial blood sugars and urines must be obtained at short 
intervals, 5 or 10 minutes, after the administration of glucose. The appear- 
ance of sugar in the urine in the course of a tolerance test in which the blood 
sugar taken at intervals of 30 minutes or more does not exceed normal limits 
is not adequate proof. A sharp peak which initiated transient glycosuria 
may be missed by this technique. Venous blood sugar measurements are 
particularly unreliable. 

Because renal glycosuria may persist throughout the 24 hours it is peculiarly 
likely to be confused by the unwary with diabetes. This is true also of the 
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endogenous meliturias due to other sugars than glucose. Tills has led in some 
instances to the administration of insulin, an extremely dangerous procedure 
(129). It produces hypoglycemia with serious symptoms without allaying 
the glycosuria. 

Benign or functional hyperglycemia (79, 104, 213, 269). In some individuals 
the processes by which glucose is ordinarily removed from the Mood are slightly 
slow in starting after glucose absorption begins. The blood sugar, therefore, 
in the first 30 or 45 minutes rises to 200 mg. per cent or more, enough to initiate 



T"io 35. Intermittent benign glycosuria due to high initial alimentary hyperglycemia. 
Subsequent rapid fall of curve shows normal ability to utilize glucose Blood sugar curve 
after 50 grams glucose. S+ indicates positive sugar test in urine. S— indicates negative 
sugar test in urine. Trom Taber and Hansen (80). 

glycosuria. Once set in motion, however, the removal processes act with lull 
efficiency, so that the curve falls with normal rapidity. Because of the greater 
height of the peak the time required for the blood sugar to return to the post- 
absorptive concentration may be prolonged 30 or 40 minutes in these persons. 
Such a curve is illustrated in figure 35. Mild diabetics after a period of dietetic 
treatment may have curves of this type. If they have received unrestricted 
diets, however, the peak of the alimentary' curve is more rounded and the re- 
turn to the postabsorptive level is more unduly prolonged. Cu rves of patients 
with symptomatic glycosuria have similar characteristics. In another group 
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the blood sugar rises more sharply and higher than normal, thus precipitating 
glycosuria, but /alls just as precipitately to the initial level or lower. It is 
subjects with curves of this kind who often receive an erroneous diagnosis of 
renal diabetes. 

In the discussion of the normal glucose tolerance curve above it was pointed 
out that the duration of the hyperglycemia after either oral or intravenous 
glucose gives almost all the information that is required. If the blood sugar 
has returned to the normal postabsorptive concentration after the appropriate 
interval the appearance of glucose in the urine is of little significance. It 
may be assumed that the glycosuria is probably benign. The intervening 
curve presumably belonged to one of the types described above. 

Benign glycosuria, especially of the type accompanied by the short, high 
peaked curve, is usually a manifestation of autonomic instability. It apar- 
ently has no more serious pathological or prognostic significance. It denotes 
no predisposition to diabetes (146, 213). Marble, Joslin et al (213) found 
that only about 10 per cent of patients who received an initial diagnosis of 
benign glycosuria proved to have diabetes after an interval of 2 to 7 years. 
This fraction represents in part the natural incidence of diabetes, partly the 
fallibility of diagnostic procedures. Because these procedures are not yet in- 
fallible, the diagnosis deserves review from time to time. There is, however, 
no reason to limit the diets of patients with apparently benign glycosuria for 
the mere purpose of preventing the glycosuria. 

DISEASES OF ENDOCRINE GLANDS 
Diseases oj the pituitary gland 

Acromegaly. Some degree of carbohydrate intolerance can be demonstrated 
in most patients with acromegaly (15, 50, 59, 117, 154, 158, 251). This may 
vary from a slightly exaggerated alimentary hyperglycemic response to a con- 
tinuous glycosuria that is indistinguishable from that of diabetes. In a series 
of cases reviewed by Atkinson (15) sugar was found in the urine of 205 out of 
667 patients whose urines were examined. The disturbance of carbohydrate 
meteboJisxo can not be distinguished from that of idiopathic diabetes meiiitos 
(47, 50, 383). The alimentary hyperglycemia may be quite as high and pro- 
longed as those encountered in cases of diabetes of comparable severity. The 
fasting blood sugar may be normal, but is more often somewhat high, depending 
upon the severity of the condition. The hyperglycemia and glycosuria respond 
to insulin quite as well as do those of true idiopathic diabetes (47, 158, 383). 
Ketosis has been observed in the severe cases (50). Generally the diabetes is 
comparatively mild. When it is especially severe, symptoms and signs of 
autonomic instability are usually evident, indicating that the tumor has im- 
pinged upon the adjacent structures in the central nervous system (11, 261). 

In one respect acromegalic diabetes is distinguished from idiopathic diabetes 
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mellitus: the former not infrequently clears up spontaneously even after it has 
persisted for a long time, while the latter, if well established, does not (50), 
The disappearance of acromegalic diabetes, which is associated with the cessa- 
tion of progress or regression of the other disturbances of acromegaly, pre- 
sumably marks the degeneration and inactivation of the tumor. In fact, in 
the degenerative stage of acromegaly increased carbohydrate tolerance, similar 
to that of hypopituitarism, has been noted (15, 59, 154). The reversibility of 
acromegalic diabetes indicates that it is not, like permanent pituitary diabetes 
of animals, associated with degenerative changes of the pancreas that are not 
morphologically demonstrable. 

Irradiation of the pituitary gland, however it may benefit other disorders 
of acromegaly, in the author's experience does not improve the utilization of 
carbohydrate appreciably. 

The basophilic syndrome oj Cushing is also frequently accompanied by some 
impairment of carbohydrate utilization. This is usually demonstrable only in 
exaggeration or prolongation of alimentary hyperglycemia, but may be great 
enough to cause mild diabetes (1, 65). 

Deslruclion or degeneration of the pituitary gland ( Simmonds ' disease). De- 
struction of the hypophysis by tumors, hemorrhage or inflammatory processes 
is followed by hypoplasia and inactivation of the thyroid, adrenal and sex 
glands. In this state the blood sugar rises less than usual after the ingestion 
of carbohydrate (154) The postabsorptive sugar is normal or low and patients 
with the condition arc likely to lapse into hypoglycemia if they are not fed at 
frequent intervals (90, 119). Sensitivity to insulin is increased. Like the 
similar phenomena described in the hypophysectomizcd animal, these reactions 
can not be attributed solely to accelerated combustion of carbohydrate; thqr 
arise partly from delayed absorption from the intestine, partly from diminished 
production of glycogen from protein in the liver, and from retarded hepatic 
glycogenolysis. They are not evident if the patients are fed. One of the 
striking symptoms of Simmonds* disease, however, is complete anorexia. 
Fatal hypoglycemia is, therefore, likely to occur, if special efforts are not made 
to administer carbohydrate, parenterally if necessary, at frequent intervals. 

Kotte and Vonderahc (173) have reported the death in hypoglycemia of a 
mild diabetic who was found at autopsy to have an infarction of the anterior 
lobe of the pituitary gland, creating a condition comparable to that of the 
Houssay dog. 

Anorexia nervosa. In this disorder the alimentary glycemic reaction re- 
sembles closely that seen in Simmonds’ disease; the blood sugar does not rise 
to the usual height, although it may be somewhat prolonged (38, 207, 300, 315). 
This is only one of the similarities between the two conditions that has raised 
the question whether the anterior pituitary is inhibited in anorexia nervosa or 
whether the disorders of Simmonds’ disease are referable largely to the anorexia 
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which attends it. In anorexia nervosa, in contrast to Simmonds’ disease, 
spontaneous hypoglycemia has not been reported. Sheldon and Young (315) 
claim that the intravenous glucose tolerance curve in anorexia nervosa, unlike 
the alimentary curve, falls rapidly to the initial level. For this reason they 
believe the long, low alimentary curve can not be attributed to an endocrine 
disorder. 

Pituitary infantilism. Infantilism with diabetes has been described by a 
number of observers who have attributed it to a disorder of the anterior lobe 
of the pituitary (101, 312, 371). For such an anomalous condition no analogy 
can be found in experimental pathology. The diagnoses have not been con- 
firmed by autopsy. A review of these case reports reveals no definite evidence 
that the pituitary gland was involved. This, together with clinical experience, 
indicates that the infantilism arose from some associated condition that was 
unappreciated or from improper nutrition. Infantilism is a product of mal- 
nutrition or the imperfect development of some system, such as the urinary 
tract, that limits growth and development. Before insulin made it possible 
to maintain their nutrition, almost all diabetic children were afflicted with 
infantilism. 


Diseases of the adrenal glands 

Adrenocortical syndrome. A large proportion of patients with secreting 
benign or malignant tumors or hyperplasia of the adrenal cortex, like patients 
with Cushing's basophilic syndrome, have some evidences of impairment of the 
ability to utilise carbohydrate. This seldom assumes the magnitude of a true 
diabetes, although sporadic glycosuria is not uncommon. In the majority of 
cases only moderate elevation and prolongation of the glucose tolerance curve 
can be demonstrated (1, 65). This disorder, like the other phenomena de- 
scribed in this multiform disease, is not uniformly encountered. It is especially 
uncommon in children who develop virilism, precocious growth and epiphyseal 
union. Its incidence in these syndromes requires further investigation. 

Addison's disease. Patients with atrophy or destruction of the adrenal 
cortex, ate subject to hypoglycemia, if they are deprived of exogenous carbo- 
hydrate (41, 339, 345). Like the hypoglycemia of Simmonds’ disease this 
arises, not solely from accelerated oxidation of carbohydrate, but partly from 
the failure of the liver to restore the blood sugar. It can be prevented by 
frequent feedings containing carbohydrate or by the administration of adequate 
amounts of adrenal cortical extract. Administration of sodium salts or desoxy- 
corticosterone, although they appear to have no direct effect upon carbohydrate 
metabolism, do seem to diminish the tendency to hypoglycemia. Neverthe- 
less, patients treated by these measures do not tolerate starvation well. If 
appetite fails or for other reasons they can not or do not eat, they arc prone to 
sink into hypoglycemia, which may prove fatal (261, 345). 
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Because of the inability to tolerate starvation, the postabsorptive blood 
sugar in untreated Addison’s disease is often low (41, 339, 345). The blood 
sugar may rise to the normal extent after a standard dose of glucose, but falls 
rapidly; and the hyperglycemia is followed by more than the usual hypo 
glyccmic reaction (41, 339, 345). 

The combination of Addison’s disease with diabetes has been observed (37 
261, 344). Some modification of diabetes has been claimed after the develop- 
ment of Addison’s disease. Bloomfield (37) found that less insulin was required 
by his patient and that glycosuria was exaggerated by cortical extract, but not 
by desovycorticosterone acetate. Thorn et al (344) reported an unusual 
tendency to hypoglycemia. Such variations are hard to evaluate in a disease 
that is so variable as human diabetes and in which the utilization of carbo- 
hydrate and the insulin requirement arc so susceptible to the influence of any 
intercurrent disorder. In a case which the author (261) has observed for some 
time it has been impossible to demonstrate unequivocally that loss of adrenal 
function or treatment of the Addison’s disease has reduced the severity of the 
diabetes, although it has undoubtedly complicated the treatment. This pa- 
tient was on one occasion admitted to the hospital in severe diabetic acidosis 
with impending coma. 

Diseases of the thyroid 

tlyperthyroidism. In hyperthyroidism the postabsorptive blood sugar is 
usually normal, but may be slightly elevated (83, 100). Even if the post- 
absorptive blood sugar is normal, it rises excessively after the administration 
of glucose and remains elevated longer than usual. The prolongation is not, 
however, great, seldom persisting to the third hour after ordinary doses of 
glucose (12, 83, 97, 100, 154, 182, 298). Fostalimentary hypoglycemia regu- 
larly occurs. Glycosuria appears in the majority of cases after the adminis- 
tration of glucose and may occur after a mixed meal. This is the result of the 
high concentration to which the blood sugar rises. The hyperglycemia and 
glycosuria of hyperthyroidism are not evidences of inability to burn carbo- 
hydrate. The respiratory quotient after glucose ingestion rises quite as much 
as it does in normal subjects (67). It is, indeed, probable that the oxidation 
of sugar is increased in hyperthyroidism. The alimentary hyperglycemia 
and glycosuria may be only manifestations of starvation diabetes, brought 
on more rapidly than normal by the accelerated metabolism. Bans! and 
Walter (21) found that the postabsorptive respiratory quotient in hyperthy- 
roidism roughly varied inversely as the oxygen consumption, which would 
support this hypothesis (see also section on the physiological action of the 
thyroid, above). In addition glycosuria usually follows only the morning 
meal and seldom assumes important proportions. It follows that restriction 
of dietary' carbohydrate to prevent the glycosuria should not be practised. 
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Because, alter galactose, the blood galactose rises excessively and more 
than the usual amount of galactose appears in the urine in hyperthyroidism 
(see figure 37), it has been inferred that the function of the liver is impaired in 
this condition (204, 306). Aithausen (8, 10) has, however, shown that the 
concentration of galactose in the blood rises with extreme rapidity immediately 
after the ingestion of this sugar. Whereas the concentration of galactose in 
the blood of normal persons 5 minutes after 40 grams of galactose never ex- 
ceeded 4 mg. per cent, in hyperthyroids at the same interval values as high as 
20 mg. per cent were found (10). Aithausen therefore attributes the excessive 
alimentary galactosemia and galactosuria of hyperthyroidism not to hepatic 
insufficiency, but to accelerated absorption of the sugar. This may also con- 
tribute to the exaggerated alimentary hyperglycemia that follows ingestion 
of glucose (8). 

Myxedema. There is no definite evidence that carbohydrate metabolism is 
effected by removal of the thyroid gland (103). Low alimentary glycemic 
curves have been reported by some observers (100, 154, 356). These Crawford 
(57) attributes to delayed absorption of glucose. He found prolonged in- 
travenous tolerance curves in hypothyroid children, which he ascribed to 
delayed utilization of carbohydrate, consequent to the general slowing of 
metabolic processes. Carmichael (45) has reported 2 cases of spontaneous 
hypoglycemia associated with hypothyroidism; but the evidence of hypo- 
thyroidism in these patients is not convincing. 

The eject of thyroid disease on diabetes. Although hyperthyroidism per se 
appears to have no direct effect upon the combustion of carbohydrate, when 
it accompanies diabetes it greatly aggravates this disease (92, 113, 177, 282). 
An acute attack of hyperthyroidism may precipitate severe ketosis in an other- 
wise mild diabetic. Hyperthyroidism may be the cause of insulin resistance 
in some cases (39, 113). The exact modus operandi of the thyroid hormone in 
these cases is not clear. Since there is no evidence that it interferes with the 
oxidation of sugar, it presumably acts by increasing the demand for, without 
facilitating, carbohydrate combustion. Satisfactory treatment of the hyper- 
thyroidism by iodine, surgery or other means restores the diabetes to its proper 
proportions (282). 

Myxedema reduces the severity of diabetes and the quantity of insulin re- 
quired to control it (44, 368). For this reason total thyroidectomy has been 
performed for the treatment of diabetes (378). The myxedema which results 
is, however, more intolerable than the treatment of diabetes. 

Complications of pregnancy and lactation 

Diabetes in pregnancy and lactation. The effects of normal pregnancy and 
lactation on carbohydrate metabolism have been discussed above. In depan- 
creatized dogs Cuthbert, Ivy et al (60) noted that less insulin was required 
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during the Lite months of pregnancy and even less during lactation, presumably 
because a greater proportion of carbohydrate was used in the first case by the 
fetuses, in the second by the mammary glands. If pancreatectomy was per- 
formed near the end of pregnancy it did not cause hyperglycemia, suggesting 
that the mother profited by the insulin derived from the fetuses. In human 
pregnane}’ comparable effects can not be demonstrated with regularity. Some 
tendency to improvement in the last trimester has been noted by certain cli- 
nicians (245, 258), but this is not at all consistent. Duncan and Fetter (68) 
state that tolerance diminishes most in the first and third trimesters, Hurwitz 
and Irving (150) found it lowest in the second trimester. There can be no 
doubt that in most instances the severity of diabetes increases to a variable 
extent during pregnancy (35, 68, 150, 245, 258, 372). Not infrequently it 
begins in pregnancy. The variability of its course during this condition may 
be related not to the physiologic process alone, but to attendant or complicating 
‘circumstances or disorders. Because of this variability therapy during preg- 
nancy must be regulated with particular care. Hypoglycemia is just as much 
to be avoided as glycosuria for its effects, not only on the mother, but on the 
fetus. Diabetes is not in itself a contraindication to pregnancy, but it definitely 
increases the risk to mother and child. More data and more accurate data 
must be collected before it can be certainly decided what proportion of this 
risk must be allocated to faulty treatment. 

After delivery carbohydrate metabolism is usually restored to its proges- 
tational state (68, 261). It has been claimed by some that it deteriorates 
during the puerperium (245), by others that it improves during lactation (35, 
258). These differences of opinion probably reflect the general variability 
of the course and treatment of human diabetes. 

Toxemias of pregnancy. In pernicious vomiting of pregnancy hypoglycemia 
may be encountered, probably as the result of starvation (169, 350). For this 
reason the administration of glucose subcutaneously and intravenously has 
been recommended (69, 350) . The starvation ketosis from which the vomiting 
woman suffers is a further indication for such therapy. There appears to be 
no good reason to inject insulin with the carbohydrate, as has been recom- 
mended (169, 268, 340), since there is no evidence that the ability to burn 
carbohydrate is any more impaired in the vomiting of pregnancy than it is in 
any other comparable state of starvation. 

In true toxemias (renal and vascular complications of pregnancy’) blood sugar 
and glucose tolerance are not significantly altered. Titus (351) for a long time 
advocated the use of glucose in the treatment of eclamptic states on the grounds 
that the convulsions were preceded by hypoglycemia. Stander (327, 328), 
on the other hand, recommended the use of insulin, with or without glucose, 
because he found the blood sugar elevated in eclampsia. There appears to be 
no doubt that the blood sugar fluctuates greatly in the course of these explosive 
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phases of the toxemias (179, 220). These fluctuations are, however, probably 
the result of rapidly changing physical activities and treatment, not evidences 
of any metabolic abnormality nor the cause of symptoms. Carbohydrate 
should be given, parenterally as glucose, if necessary, in accordance with the 
nee*d of the patient for nutrition and fluid. 

Bokelmann (29) attached significance to high blood lactic acid in the toxemias 
of pregnancy. After eclamptic convulsions the blood lactic acid may be greatly 
elevated, but this is only the result of the extreme muscular activity of the 
convulsion (329). 


Degenerative conditions 

Obesity. The frequent coincidence of diabetes with obesity in middle-aged 
or elderly persons has already been commented upon. It has been pointed out 
that reduction of the adiposity of such subjects by dietary regulation not only 
relieves them of symptoms and signs of diabetes, but also improves their glucose 
tolerance tests (246, 247). This does not necessarily mean that obesity is 
conducive to diabetes. The symptoms and signs of the disease are diminished 
in almost all cases by limitation of diet so long as this does not lead to carbo- 
hydrate starvation, because limitation of diet reduces the demand for the 
combustion of sugar, and, if it is great enough to cause loss of weight, diminishes 
the total caloric consumption of the individual. In the obese subject such 
restriction can be practised with safety, while in the normally or poorly nour- 
ished it can not. Furthermore, the very presence of obesity is evidence that 
the diabetes is essentially mild and, therefore, that it should usually be amen- 
able to dietary treatment (85). 

Examinations of obese persons in general have revealed no direct correlation 
between the degree of obesity and the glucose tolerance tests. There is some 
relation, but not a consistent one, between the duration of obesity and the 
reduction of carbohydrate tolerance (143, 249, 293). This may be an ex- 
pression only of the increasing incidence of diabetes with advancing age. 

Hypertension, arteriosclerosis and obesity. Some degree of intolerance for 
carbohydrate is extremely common in patients with arterial hypertension and 
in other types of peripheral vascular disease. The frequency of high post- 
absorptive blood sugar is estimated at from 10 to 50 per cent in patients with 
arterial hypertension without evidence of nephritis (120, 132, 167, 176, 238, 
250, 380). An excessive hyperglycemic reaction after glucose is demon- 
strable in the great majority of patients with this condition (167, 309, 381 , 387) ; 
alimentary glycosuria is frequent (167). Similar disturbances are equally 
common in patients with peripheral vascular disease without hypertension 
(132, 270, 387). A large proportion of elderly patients with diabetes have these 
conditions and no sharp dividing line can be drawn between those with only 
a mild intolerance for sugar and those who present a frankly diabetic picture 
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(373), Althougli there is a demonstrable association between diabetes and 
arterial disease, there is no evidence that the two conditions are related to one 
another as cause and effect (175, 241, 373). It has been suggested that elderly 
people with arterial disease and somewhat diminished glucose tolerance be 
treated as potentially diabetic. There is no clear indication for restriction of 
diet beyond what is necessary to prevent glycosuria and to prevent or correct 
obesity. 

Trauma and shock 

Temporary reduction of carbohydrate tolerance can be demonstrated in a 
large proportion of persons after severe traumatic injuries (95 , 342, 343). 
Sometimes this assumes the proportions of a true diabetes, requiring insulin 
for its control (95). Whether permanent diabetes can be initiated by such 
injuries is a controversial subject (343). Cases have been reported in which 
diabetes seemed to have its Inception with trauma; but it is impossible to assert 
that the injury did not merely bring to light a preexisting diabetes. From the 
clinical point of view it is more important to recognize that trauma will aggra- 
vate diabetes (342, 343). Among traumatic factors operations must be in- 
cluded. Indeed they are particularly important because to the effects of in- 
jury are added the insult of anesthesia which itself diminishes the utilization of 
carbohydrate (16, 61, 77). 

After severe hemorrhage (288, 338) and in shock induced by other means 
(17, 384) the blood sugar rises sharply. The hyperglycemia is roughly propor- 
tional to the severity of the hemorrhage or shock. Robertson (288) was able 
to prevent it by clamping off the hepatic vein and artery; it is, therefore, a 
product of accelerated hepatic glycogenolysis. In the agonal stages of fatal 
hemorrhage the blood sugar falls, sometimes to hypoglycemic concentrations, 
while the blood amino acids rise. This terminal hypoglycemia Engel, Winton 
and Long (75) attribute to failure of hepatic function because of anoxia. 

A cute and chronic infections 

Hyperglycemias and glycosurias of all grades and degrees may occur in the 
course of or be precipitated by infections of various kinds (22, 99, 144, 186, 221, 
251, 262, 305, 336, 379). The degree of intolerance is not directly related to the 
severity of the infection, but appears to depend upon its character as well. 
The frequent association of pyodermic conditions, especially furunculosis and 
carbunculosis, with hyperglycemia and diminished carbohydrate tolerance is 
widely recognized (99, 251, 283). Glycosuria may become so profuse and so 
refractory to treatment as to simulate a diabetes of considerable severity. 
Yet, when the infection is eliminated all evidences of the diabetic condition 
may disappear (261, 2S3). The common cold has been known to precipitate 
temporary, profuse glycosuria in an individual at other times normal (261). 
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On the other hand, although the blood sugar is somewhat elevated in pneu- 
monia (64) and some other grave infectious diseases (19, 144, 324) the hyper- 
glycemia is usually slight and glycosuria is uncommon. In the great majority 
of both acute and chronic infections the blood sugar curve after administration 
of glucose rises higher and is more prolonged than normal (25, 186, 221, 251, 
305, 336, 379). In certain streptococcus and staphylococcus infections without 
diabetes Skinner and Peters (317) found excessive hyperglycemia with reten- 
tion of the arterial-venous difference. 

More important clinically than the actual relation of infection to the carbo- 
hydrate metabolism of otherwise healthy individuals is the influence that in- 
fections may have on the course of a preexisting diabetes. Cellulitis, gangrene, 
carbuncles, or even a common cold may precipitate diabetic coma in the course 
of a few hours (108, 262, 271). Usually, if the infection is successfully over- 
come carbohydrate tolerance is restored to its previous state. Sometimes the 
restoration is not complete and each succeeding infection leaves its permanent 
mark in a deterioration of the capacity to utilize carbohydrate. 

No satisfactory explanation has been found for the effect of infections upon 
carbohydrate metabolism. It is quite possible that there is no single explana- 
tion. A great many experimenters have concluded that the defect lies in the 
inability to produce or preserve the glycogen stores of the liver, basing these 
conclusions on the action of diphtheria toxin (186, 287, 322, 324, 335). Yannet 
and Darrow (385), however, have shown that diphtheria toxin has a specific 
effect upon the liver, causing necrosis of this organ. Menken (227) attributes 
the reduction of tolerance to excessive formation of sugar from protein, owing 
to increased destruction of tissue. Such a hypothesis presupposes that high 
protein catabolism decreases carbohydrate combustion or that sugar formed 
from protein can not be utilized as efficiently as preformed carbohydrate. 
There is no evidence to support either of these concepts. The injury resulting 
from the infection may act just as traumatic lesions do. Increased metabolism 
may play its part by increasing the demand for carbohydrate. In addition, 
however, the presence of infective agents exerts a special influence. Jackson, 
Nicholas and Holman (152) found that injection of staphylococcus toxin de- 
creased the carbohydrate tolerance of normal rabbits, while the production of a 
similar necrosis by burns or turpentine did not. Hyperglycemia has been 
produced by injection of a variety of killed bacilli (386). 

The imperfect utilization of sugar in the presence of infections is not an 
indication for restriction of carbohydrate. In most instances hyperglycemia 
and gljcosurla do not attain sufficient magnitude to produce symptoms or inter- 
fere with nutrition. Even if they do, as they may in the presence of a pre- 
existing diabetes, the accelerated total metabolism and protein destruction 
increase the need for carbohydrate. Evidence has been adduced that, although 
staphylococcus infections reduce the carbohydrate tolerance of rabbits, ad- 
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ministration of dextrose increases the resistance of such animals to staphylo- 
coccus infection (86, 152). 

DISEASES OF THE DIVER AND BILIARY TRACT 

After removal or extensive destruction of the liver the blood sugar of animals 
rises excessively, remains elevated longer than usual, and finally falls to hypo- 
glycemic concentrations from which it does not rise spontaneously. Such 
animals arc peculiarly sensitive to insulin. Destruction of the liver is, there- 
fore, one of the causes of spontaneous hypoglycemia. These phenomena are 
all referable to the loss of the capacity of the liver to form or store glycogen. 
After the administration of glucose the sugar which is not immediately burned 
accumulates in the blood, because the alternative route for its disposal, con- 
version to liver glycogen, is blocked. When the glucose has been burned the 
liver has no glycogen with which to replace it, therefore a persistent hypo- 
glycemia results. 

Parenchymatous diseases oj the liter 

Hypoglycemia has been reported in fatal cases of chloroform poisoning (326) 
and acute yellow atrophy (274). It has been observed in the last stages of 
cirrhosis (261). It is also encountered in hepatic diseases of lesser gravity, 
particularly in infectious hepatitis (55, 240) and surgical conditions of the liver 
(49). It is characteristic of this hypoglycemia that it appears at the end of a 
considerable period after meals, in this respect resembling pancreatic hypo- 
glycemia. It often occurs in the postabsorptivc period. It is preceded by 
alimentary hyperglycemia which may be sufficiently great to provoke glyco- 
suria. This sequence has been noted, but is relatively rare, in hyperinsulinism, 
whereas it is the rule in hepatic hypoglycemia. The incidence of glycosuria is 
likely to divert the attention of the clinician from the true nature of the dis- 
order. In hyperinsulinism hyperglycemia and glycosuria follow feedings only 
if these have been preceded by a period of hypoglycemia long enough to induce 
starvation diabetes. In severe hepatic disease all feedings cause hyperglycemia, 
but hypoglycemia occurs only after a prolonged interval without food. 

The glucose tolerance curve. Hypoglycemia is found only when destruction 
of the liver is extremely extensive or when there has been profound, widespread 
injury or degeneration of (fie fiver parenchyma. Earfier and less grave damage 
may be detected by the glucose tolerance curve (48, 55, 84, 94, 240). Excessive 
prolonged hyperglycemia, the most constant finding, is not, however, of itself 
diagnostic, since it is regularly encountered in hyperthyroidism, infections, 
arterial disease and numerous other pathologic states. Friedenson, Rosen- 
baum, Thalheimer and Peters (94) found that the hyperglycemia was attended 
by the normal arteriovenous difference; but neither the hyperglycemia nor this 
difference were sufficiently distinctive to be of great diagnostic aid. Meulen- 
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gracht (228) also found the reactions to the conventional glucose tolerance test 
too variable to be of much value for diagnosis. The detection of an initial 
hypoglycemia or a persistent terminal hypoglycemia, in addition to a high 
prolonged curve is far more significant. But postabsorptive hypoglycemia 
occurs only in the graver cases and the test is not ordinarily continued long 
enough to include the postalimentary hypoglycemia, which is delayed. The 
sensitivity to insulin also lacks specificity. Althausen and associates (9) 
proposed the measurement of blood sugar at intervals for 3 hours after the 
administration of 50 grams of glucose, preceded by the injection of insulin 20 
minutes earlier. They claim that the curve of patients with liver disease sinks 
to hypoglycemic levels, with or without antecedent excessive hyperglycemia, 
before the end of this procedure, while the curves of normals return only to the 
postabsorptive level. Ricketts (285) could find no such sharp distinction 
between the reactions of patients with and without disease of the liver 

Levulose tolerance test. One of the features most responsible for the un- 
reliability of glucose tolerance for the diagnosis of liver disease is the fact that 
this sugar can be utilized, without the intervention of the liver, for oxidation 
in the tissues, which proceeds at an extremely variable rate. Attention was 
therefore, directed to sugars or compounds that form sugar, but which can be 
burned only after they have been converted to glycogen by the liver. The 
first of these to be used was levulose (84, 111). Although this sugar is dis- 
tinctly superior to glucose, it can be utilized to some extent by the tissues di- 
rectly (v.s.). If the test is to be interpreted with any accuracy the concen- 
tration of fructose must be measured by a specific analytical technique; meas- 
urement of the total reducing powers of the blood may yield deceptive results 
(130, 332). The function under analysis is the ability of the liver to remove 
levulose from the blood. If this function is impaired the total reducing power 
of the blood rises after administration of fructose because this sugar accumulates 
in the blood stream. The concentration of fructose is, however, small in pro- 
portion to the concentration of glucose. In diabetes the total reducing power 
of the blood also rises after fructose, but the increment in this case is glucose, 
to which the fructose is converted by the liver. Figure 36 illustrates the toler- 
ance curves of normal subjects, patients with diabetes and patients with hepatic 
diseases, after the administration of 50 grams of levulose (332). Among a 
large number of patients of various kinds a levulose concentration of more than 
20 mg. per cent within the two hours of the test was found by Stewart, Scar- 
borough and Davidson (332) in 45 out of 59 cases with all kinds of disease 
of the liver, in one elderly, apparently normal person (23 mg. per cent), in one 
patient with heart failure (20.5 mg. per cent) and in 3 out of 5 patients with 
arteriosclerosis (24 to 28 mg. per cent). These results are representative of 
those found by others (130, 310, 330). 

Galactose tolerance lest. Because the action of the liver is not essential for 
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the utilization of fructose, other compounds have been proposed which can 
only be utilized after they have been converted to glycogen by the liver. Chief 
of these is galactose. Diliyd roxyncctonc has been employed by Wachstein 
(360). The dose of galactose given lias varied from 25 to 50 grams, 40 grams 
being most frequently used (153, 172, 289, 304, 313, 354). In the galactose 
tolerance test, as first proposed, the urine alone was analyzed, the excretion 
of more than 3 grams of sugar being accepted as evidence of impaired liver 
function (304, 313, 354). Although this procedure recommends itself because 



Fic. 30 The effect of the ingestion of 50 grams of levulose. Vertically hatched areas 
represent the limits of variation of the total blood sugar. Solid areas represent the limits of 
variation of blood levulose A. The curves of 20 normal adults less than 50 years old. The 
areas bounded by broken lines include the curves of 10 additional normal adults more than 
50 years old B 67 observations on patients with diseases of the liver. C. The curves of 
9 patients with diabetes. From Stewart, Scarborough and Davidson (332). 

of its simplicity, it fails to differentiate between galactosuria and glycosuria 
and is, therefore, inapplicable to patients with diabetes or other disturbances 
of carbohydrate metabolism in which glucose or other sugars are excreted in the 
urine. For this reason measurement of galactose in the blood at intervals 
after the administration of the sugar has been recommended (153, 172, 291). 
The galactose is usually taken orally; Jankelson and Lcmer (153) injected 25 
grams intravenously. After this intravenous dose galactose disappeared from 
the blood of normal subjects within 60 minutes, but persisted for from 60 to 
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120 minutes or more in the blood of patients with parenchymatous disease 
of the liver. The reactions of normal individuals, patients with diseases of 
the liver and bile passages, diabetes and hyperthyroidism, to the ingestion of 
40 grams of galactose is shown in figure 37 (172). In 11 subjects without liver 
disease or other conditions known to disturb carbohydrate metabolism the 
blood galactose reached a peak within 30 to 60 minutes, with a maximum con- 
centration of 63 mg. per cent. By the end of 90 minutes galactose had dis- 
appeared from the blood of 9 of the 11 subjects. In parenchymatous liver 
disease (catarrhal jaundice and cirrhosis) the concentrations at 30 and 60 
minutes were far higher and most of the curves were more prolonged. In ob- 


m 



Fig. 37. The effect of the ingestion of 40 grams of galactose. Vertically hatched areas 
represent the limits of variation of the total blood sugar. Solid areas represent the limits of 
variation of blood galactose. A. The curves of 11 patients without disease of the liver. 
B. The curves of 20 patients with parenchymatous disease of the liver. C. The curves of IS 
patients with nonparenchymatous disease of the liver. D. The curves of 7 patients with 
diabetes. E. The curves of 7 patients with hyperthyroidism. From Kosterlitz (172). 

structive jaundice and diseases of the biliary- tract, presumably without injury 
of the hepatic parenchyma, the majority of the curves were normal, but a few 
were prolonged. In hyperthyroidism, for reasons discussed above, a number 
of the curves were abnormally high and prolonged. In diabetes the galactose 
curves were normal, but total sugar rose excessively and remained elevated 
longer than usual. There is considerably overlapping in all series. The curves 
of Roe and Schwartzraan (291) who used a dose of 1 gram of galactose per kilo 
are higher and the overlapping between normals and patients with liver disease 
is greater. The galactose tolerance test, on the whole, does not appear to be a 
highly discriminatory measure of hepatic function. The intravenous test of 
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Jankelson and Lemer (153) may be superior, but has not received sufficient 
trial to determine its value. 

Lactic acid formed in the muscles and other tissues is ordinarily removed 
chiefly by the liver for the formation of glycogen. It should, therefore, tend to 
accumulate in the blood when the liver is damaged. Excessive accumulation 
of lactic acid in the blood of patients with diseases of the liver has been demon- 
strated by several observers (142, 156, 307, 318, 361) but is of little diagnostic 
value because it is not consistent nor specific. Schumacher (307) showed 
that the removal of administered lactic acid from the blood is delayed in ad- 
vanced liver disease. The utilization of intravenously injected sodium dl~ 
lactate as a measure of hepatic function was proposed by Hartmann and Senn 
(125). Although it is possible from the blood lactic acid curves to detect in 
patients with hepatitis delay in the removal of lactate from the blood, the curves 
of patients with this condition are not sharply differentiated from those of 
normal subjects (125, 318). This lack of distinction SolTer attributed to the 
confusing effect of Mactatc which can not be utilized. Sofler and his associates 
(320, 321), therefore, substituted sodium d-lactate for the (//-lactate, injecting 
75 mg. of the compound per kilo of body weight. In normal subjects they 
found that the blood lactic acid, 30 minutes after the intravenous injection 
of this quantity of sodium rf-lactatc, was less than 5 mg. per cent above its 
initial concentration. In 26 out of 27 patients with hepatitis it was 5.0 mg, 
or more above its initial concentration after 30 minutes; while 12 out of 13 cases 
with obstructive jaundice reacted like normal subjects (321). The procedure 
deserves more extensive trial. 

In diseases of the liver, because the organ does not contain the normal quan- 
tity of giycogen, the blood sugar rises less than usual after the injection of a 
standard dose of epinephrine (195, 334). 

Diseases of the gall bladder and biltary passages 

In diseases, 'especially infections, of the gall bladder or biliary passages, 
without evidence of parenchymatous liver injury carbohydrate tolerance may 
be diminished to a variable extent (133, 181, 192). These reductions of toler- 
ance may be only examples of the effects of injury and infection in general, 
without specific relation to the site of the injury. 

Therapeutic implications of the disturbance of carbohydrate metabolism in liver 
disease. Although the administration of carbohydrate to patients with disease 
of the liver causes excessive hyperglycemia and may provoke glycosuria, restric- 
tion of carbohydrate is, nevertheless, contraindicated because of the danger 
of hypoglycemia. For the same reason insulin should not be given to prevent 
the hyperglycemia and glycosuria (7, 323). It is preferable to give carbohy- 
drate at frequent intervals. 
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Liver disease and diabetes 

Hemochromatosis. The management of diabetes in a patient with serious 
impairment of hepatic function is a peculiarly difficult problem. Unless the 
diabetes is extremely mild the use of insulin can not be avoided. In order to 
prevent glycosuria or even to keep it within bounds, however, it is necessary 
to give so much insulin that the precipitation of subsequent hypoglycemia is 
almost inevitable. Only by the frequent administration of small amounts of 
carbohydrate and small doses of insulin is it possible to steer the narrow course 
between excessive hyperglycemia and dangerous hypoglycemia. If the hepatic 
destruction is progressive and profound a condition is finally reached in which 
no practicable adjustment can be made. This condition is best exemplified 
in the terminal stage of hemachromatosis (76, 107, 331); but may be encoun- 
tered in diabetes accompanied by other forms of cirrhosis. 

Improvement of diabetes has been reported during hepatitis (357) and in 
the progress of cirrhosis of the liver (34). 

The therapeutic problem presented by the appearance of exacerbation of 
diabetes as a result of disease of the gall bladder or biliary tract without serious 
injury to the parenchyma of the liver differs from the general management of 
diabetes complicated by infection or injury only insofar as the effects of the 
injury upon gastrointestinal functions enhance the difficulties of feeding. 

Glycogenosis (r on Gierke's disease). In 1929 von Gierke (102) described a 
condition characterized by enlargement of the liver and other affected organs 
by the deposition in the cells of excessive amounts of glycogen. The disorder 
is congenital, with a hereditary or familial incidence, and probably exists at 
birth. The organ most often affected, in addition to the liver, is the heart. 
The disease manifests itself in general retardation of growth and development, 
fasting hypoglycemia and a tendency to develop ketonuria. Patients with this 
condition usually exhibit hypoglycemia in the postabsorptive state or after an 
unusually long interval without food (26, 78, 194, 218, 279). This hypo- 
glycemia is accompanied by ketonuria (78, 243, 279) and may be so severe 
that it gives rise to convulsions. In spite of this hypoglycemic tendency the 
blood sugar after oral glucose or fructose remains elevated longer than usual, 
although it does not rise to excessive heights (26, 73, 194, 279). Patients 
with glycogenosis are extremely sensitive to insulin (194, 276); on the other 
hand, epinephrine causes less hyperglycemia than it does in normal children 
(27, 78, 194, 218). Instead it aggravates the ketonuria (27, 73, 194). A ten- 
dency for lactic acid to accumulate in the blood has been noted (78, 218). 

These phenomena, in most respects similar to those described in advanced 
hepatic insufficiency, indicate that there is no hepatic glycogen available for 
the maintenance or restoration of the blood sugar. In glycogenosis, however, 
the defect lies not in lack of glycogen, with which the liver and other organs 
are superabundantly stocked, but in some failure of the glycogenolytic response. 
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The glycogen has, apparently, the normal composition ; it can be hydrolyzed 
without difficulty by acid or diastase (81). Seckel (311) claims that spon- 
taneous glycogenolysis proceeds at the normal rate in the livers in vitro, but 
Ellis and Payne (73) and others have found that the glycogen is abnormally 
stable and docs not decompose in the usual way after death. AU kinds of 
theories have been advanced to explain the disorder, but none has as yet been 
supported by convincing evidence. 

DISEASES OP THE PANCREAS AND GASTROINTESTINAL TRACT 

Diseases o/ the pancreas have been discussed in connection with the etiology 
of diabetes and pancreatic hyperglycemia. True pancreatic diabetes differs 
from idiopathic diabetes chiefly because it is usually accompanied by digestive 
disturbances arising from the deficiency of the external secretion of the pancreas 
in the intestinal contents. Despite this deficiency the hydrolysis of starch 
and polysaccharides and the absorption of their products is seldom, if ever, 
impaired This is true in gastrointestinal disorders as well. 

Obstruction oj (he alimentary tract has relatively little effect on the blood sugar 
(115, 151, 192) in spite of its profound influence on other aspects of metabolism. 
If the obstruction is in the upper part of the intestine or at the pylorus it will 
interfere with the absorption of carbohydrate. 

Steatorrhea. When fat absorption is deficient, whether in celiac disease of 
children (56, 155, 206, 299), idiopathic sprue of adults or the steatorrhea that 
may accompany regional enteritis or tuberculosis of the intestines (155, 188, 
299, 341) the blood sugar rises less than usual after the oral administration of 
glucose. This has been generally attributed to slow absorption of the sugar 
from the intestines (56, 206, 299). This Tbaysen (341) disputes because he 
found similar curves after intravenous injection of glucose, In addition the 
respiratory quotient in his case rose in the usual manner after glucose. Ross 
(299), on the other hand, found that intravenous curves were high and pro- 
longed, while Crawford (56) found them normal. These contradictions may 
arise from differences in technical procedures and the effects of antecedent diets. 
Some observers (188) have analyzed venous blood at comparatively infrequent 
intervals, others (155) have analyzed cutaneous blood at short intervals. 
Low, short curves are yielded far more commonly by the first technique on 
accoant of fie arterio-venous difference and because fie peak of the curve may 
be missed. Similar curves are observed when patients have subsisted upon 
high carbohydrate diets which are ordinarily used in the treatment of steator- 
rhea. Jensen (155) found that a large proportion of children convalescing 
from various diseases had low tolerance curves when they were given diets sim- 
ilar to those used for the treatment of steatorrhea. 

Gastroenteritis of infants . In extreme states of dehydration that develop 
in infant* with gastroenteritis the blood sugar is frequently elevated (308) and 
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ingestion or intravenous injection of glucose provokes an excessive hyper- 
glycemic reaction (66, 349). These disturbances may be only manifestations 
of infection (349), although starvation may be a contributory factor. 

Marantic or seierely malnourished infants may have postabsorptive hypo- 
glycemia (348) and less than the usual hyperglycemia after glucose (219, 348). 
Generous amounts of carbohydrate, including parenteral glucose, if necessary, 
are clearly indicated in these conditions; but the additional use of insulin, 
which has been advocated (87), does not seem rational (347). 

The hypoglycemic convulsions that may follow attacks of vomiting in chil- 
dren have been discussed in the section on spontaneous hypoglycemia. 

The acute diabetic abdomen. The frequency of vomiting in the development 
of diabetic acidosis has already been mentioned. In some instances the vomit- 
ing is associated with acute abdominal pain and rigidity. Since Ieucocytosis 
and circulatory collapse regularly accompany diabetic acidosis, the condition 
has all the marks of acute peritonitis. The presence of diabetes has not in- 
frequently led to the diagnosis of acute pancreatitis. Neither operation nor 
post mortem examination, however, has revealed any organic cause for the 
syndrome, which is coterminous with the ketosis. The cause of the abdominal 
signs and symptoms is not clear. Because it is rapidly relieved by injections 
of normal salt solution, Walker (187) attributes it to salt depletion. This 
would relate it to miners’ cramps. As yet its correlation with sodium de- 
ficiency has not been established. It is of clinical importance chiefly because 
of the necessity of distinguishing it from a true intraabdominal surgical lesion. 
In the absence of any antecedent abdominal disease or definite localizing signs, 
decision must wait upon the effects of therapy (224, 362). If it is the acute 
abdominal syndrome of diabetic acidosis, signs and symptoms will disappear 
rapidly when dehydration, salt depletion and ketosis are overcome. It will 
probably be necessary to defer operation until these ends are accomplished 
anyway. Vigorous therapy is particularly urgent in the face of this condition. 

DISEASES OF THE HEART AND KIDNEYS 
Heart disease and heart failure as such have no tecognized effect upon, carbo- 
hydrate metabolism. Reductions of tolerance in active rheumatic heart dis- 
ease may be considered as manifestations of infection. The frequency with 
which carbohydrate tolerance is reduced in diseases of the arteries with and 
without hypertension has been already mentioned. It follows that it will also 
be diminished when these conditions are accompanied by heart disease and 
may be aggravated by heart failure. In addition a coronary infarct may 
precipitate acute hyperglycemia, and even glycosuria (71, 272, 388). In the 
presence of preexisting diabetes such an accident may determine a severe 
exacerbation of the disease; occasionally it may even provoke serious ketosis 
(261). On the other hand, coronary infarction has occurred under such cir- 
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cumstances as to leave little doubt that it was precipitated by insulin shock 
(190, 261). Hypoglycemia is not infrequently the exciting cause of angina! 
attacks in patients with arteriosclerotic heart disease (355). For these reasons 
and because diabetes in elderly persons with arteriosclerotic heart disease is 
usually relatively mild it has been suggested that such patients should not 
receive insulin (190, 252). This is hardly a practical course since many of these 
patients can not utilize enough carbohydrate for subsistence without receiving 
insulin or suffering from symptoms of diabetes. Especial care should, however, 
be taken to avoid hypoglycemia (48). 

The injection of hypertonic glucose solution has been advocated as an emer- 
gency measure in the treatment of acute heart failure. Its beneficial effects 
have been attributed to its nutritive action on the heart. There is no reason, 
however, to believe that the decompensated heart lacks carbohydrate, nor 
that it requires surplus sugar. If the glucose solution has a beneficial effect 
this probably derives from the fluid which it draws into the blood stream by its 
osmotic effect. 

High concentrations of lactic acid have been demonstrated in the blood of - 
resting subjects with heart failure (156, 225). The belie acid values vane' 
directly as the degree of heart failure, varying from 20 mg. per cent, the y J ‘ 
normal limit, in a stale of moderate compensation, to 110 mg. in a mr 
patient. There may, however, be no significant elevation even in th'" 
of some cyanosis, dyspnea and edema (20). The response of paV 
heart failure to exercise is qualitatively simibr to that of normal perk, 
because the oxygen supply to the tissues can not be increased to the no,, 
extent, bctic acid in the blood rises higher and remains elevated longer in t« 
presence of heart failure (114, 225). N 

Chronic nephritis. In the nephrotic syndrome without nitrogen retention 
or hypertension postabsorptive hyperglycemia is rare; but in presence of hyper- 
tension and nitrogen retention it is common. In such cases the alimentary 
blood sugar curve is abnormally high and prolonged, resembling the curves of 
mild diabetes (83, 117, 120, 149, 193, 244, 301, 3S0). Because the reducing 
substances in the blood were often highest in cases with considerable nitrogen 
retention, it was suggested that they might be other compounds than glucose. 
Linder, Hiller and Van Slyke (193), however, found that the increases were 
aimosf enffreiy efrar to •gkteose. 

Hawkins, MacKay and Van Slyke (128) detected fermentable sugar, in excess 
of the normal quantities, in the urine of patients in all stages of nephritis. In 
half of the nephrotic cases gross glycosuria was found— i.e., postabsorptive 
concentrations of 0.3 per cent, rising to 1 per cent after ingestion of glucose. 
Hiller (135) isolated and identified the sugar as glucose. Although the hyper- 
glycemic reactions of these nephritic patients to glucose were excessive, oxygen 
consumption and respiratory quotients both rose just as they did in the normal 

'trols (193), indicating that the oxidation of carbohydrate was not impaired. 
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MISCELLANEOUS CONDITIONS 

Arthritis. The alimentary hyperglycemic reaction is unusually high and 
prolonged in a large proportion of patients with arthritis (89, 148, 260). For 
this reason moderate restriction of dietary carbohydrate was recommended 
for the treatment of the arthritides (89, 259). Holsti (148), however, found 
that the carbohydrate tolerance was impaired only when there was evidence 
of infection and inflammation. 

This is characteristic of clinical reports of blood sugar and glucose tolerance 
curves in miscellaneous diseases. In most instances the disturbances of these 
functions can be referred to some one of the general factors that have been 
mentioned above, especially the nutritive state or infections. Sometimes the 
central nervous system, liver or one of the endocrine glands can be incriminated. 
For a few conditions no obvious explanation can be found. Among these is 
the frequent occurrence in pernicious anemia of postabsorptive hyperglycemia 
(98, 161, 165, 182, 229)) usually without any alteration of the alimentary 
glycemic curve (161, 182). Mommsen and Mayer (239) claim that the blood 
sugar curve on the 5th and 6th day of severe epidemic parotitis resembles the 
diabetic curve. They believe this is an indication that pancreatic function is 
injured at this time. It may, however, be only a nonspecific reaction to in- 
fection. 

Increases of lactic acid in the blood in disease, other than those discussed 
above, can be referred to insufficient oxygenation of the tissues or alkalinizing 
influences. Most important among the former are pneumonia, advanced 
pulmonary tuberculosis, chronic bronchitis, asthma, and other pulmonary 
diseases that produce dyspnea and cyanosis (156, 359). 

BIBLIOGRAPHY 

1. Albright, F.: Cushing’s syndrome; its pathological physiology. Harvey Lectures, 

1942-43, 38, 123. 

2. Allan, F. N.: Hyperinsulinism (hypoglycemia, hypoglycosis). Cyclopedia of Med , 

1941, Service Volume, 363. 

3 Allan, F. N., Boeck, \V. C., and Judd, E. S.- The surgical treatment of hyperinsultn. 

ism. J. Am. Med An., 1930,94, 1116. 

4 Allan, F. N-, and Sciierer, L. R.: Insulin allergy. Endocrinol , 1932, 16, 417. 

5. Allen, F. M., and DuBois, E. F.: Clinical calorimetry. XVII. Metabolism and 

treatment in diabetes. Arch. Ini. Med., 1916, 17, 1010. 

6. Allen, F. M , and Wishart, M. B.: Experiments on carbohydrate metabolism and 

diabetes. II. The renal threshold for sugar and some factors modifying it. J.Biol. 

Chem., 1920, 43, 129. 

7. Althausen, T. L-: Effects of the administration of glucose and insulin on the glycogen 

content of normal and experimental damaged Ihers. A rtn. IiU. Med., 1932, 6, 193. 

8. Axtuacsen, T. L.: The disturbance of carbohydrate metabolism in hyperthyroidism. 

Nature and management. J. Am. Med. Ass., 1940, 115, 101. 

9. Altjlacsen, T. L., Guntiier, L., Lacen, J. B., and Kerr, W. J.; Modification of the 

dextrose tolerance test as an index of metabolic activity of the liver. Arch. ltd. 

Med., 1930, 46, 482. 



3S4 


CARBOHYDRATE 


10. AmuusEN, T. L., and Wever, G. K.: Galactose tolerance In hyperthyroidism. J. 

CUtt. Invest., 1937, 16, 257. 

11. Altschuler, S. S., and Gould, S. E.: Diabetes refractory to insulin, with report of & 

case. Ann. Ini. Med., 1936, 9, 1595. 

12. Andersen, W. T.: On tbc occurrence of spontaneous glycosuria and alimentary hyper- 

glycaemia in exophthalmic goitre. Ada lied. Scand., 1932, 78, 229. 

13. Anselwino, K. J., and Hoffuakn, T.: Obcr die Beteilung der Ilypophyse an der Ent- 

stebung des menschlichen Diabetes mcllitus. I. Nachweis ciner StOrung hypo- 
physiirer Regulatiotisraechanismen beim Diabetes inellitus. Z. klin. lied., 1935, 
129, 24. 

14. Atoiley, D. W., Loeb, R. E., Richards, D. W., Jb., Benedict, E. M., and Driscoll, 

M. E.: On diabetic acidosis. A detailed study of electrolyte balances following 
the withdrawal and reestablishment of insub'n therapy. J. Gin. Invest, 1933, 
12, 297. 

15. Atkinson, F. R. B.- Acromegaty. London, John Bale, Sons and Danielsson, Ltd., 1932. 

16. Atkinson, II. V., and Ets, II. N.: Chemical changes of the Blood under the influence 

of drugs I. Ether. J. Biol. Chan., 1922, 52, 5. 

17. Add, J. C., and WtJ, H.: Studies in experimental traumatic shock. III. Chemical 

changes in the blood. Am. /. PhysM., 1920, 54, 416. 

18. Baker, T. W.i A clinical survey of one hundred and eight consecutive cases of diabetic 

coma. Arch. Int. lied., 1936, 58, 373. 

19. Banerjee, D. N., and Saha, J C.: Study of blood sugar in Bengalees in health and in 

kala-azar. Calcutta lied. J., 1923, 17, 109. 

20. Banc, O . Blutmilchsaurc und Herzfunktion. Ada lied. Scand., 1936, Suppl. 78, 90. 

21. Bans!, H. W., and Wolter, A.: Das Verhalten des respiratorischen Quotienten bei der 

Uberfunktion der Scbilddrtlse. Z. klin. lied., 1937, 132, 33. 

22. Babtle, I. D. • Excess blood sugar in connection with certain surgical conditions, lied. 

J. and Record, 1924, 120, 207. 

23. Baudoin, A., Lewis, J., and Ate rad, E.i Sur lVpreuve dbypoglyclmie provoqu^e chez 

les diabitirjues. Com ft. tend. soc. biot., 1935, 119, 686 

24. Bearduood, J. T., Jr., and Rouse, G P. p Jr : Diabetic acidosis. A study of two 

hundred and twenty consecutive cases. J. Am. lied. Ass., 1941, 117, 1701. 

25. Eero, S.. Contribution to the question of sugar metabolism in pulmonary tuberculosis. 

An inquiry into the day-curse of the blood sugar. Ada lied. Scand., 1932, 78, 66. 

26. Biedermann, II., and IIertz, TV.. Die VerwertungsmOglichkeit genossenen Zuckers bei 

Glykogenspeicberkranhheit. D Arch. klin. lied., 1934, 176, 267. 

27. Biederiiann, II , and Hertz, W . Der Einfluss von Adrenalin und Insulin auf den 

Kohlebydratstoffwcchsel bei Glykogenspeicherkrankheit. Ibid., 272. 

28. Bjerdjq, T.. Investigation ol the diahetogenous hormone in urine. Ada Med. Scand., 

1933, 94, 483. 

29. Bokeliunn, O.: Der Milchsauregehalt des Blutes in der Schwangerschaft und wShrend 

der Geburt. Arch. GynUkel., 1927, 129, 726. 

30. Boller, R., and PilcerStorteb, W.j Blutzuckerstudicn fiber Protamin-Zink-Inaulin. 

Z. klin. Med , 1938, 134, 300. 

31. Bolleb, R., and Dberrack, K.: Insulin und ahroentire HyperglykSmie. Klin. Woch , 

1932, 11, 1^91. 

32. Boiler, R., and UeberRACK, K.: Der Einfluss der vorbergehenden Ernahrung bzw. 

Insulinisietung auf die Zuckerbelastungsprobe. Klin Woch., 1932, 11, 511. 

33. Be lluan, J. L., Mann, F. C., and Macatc, T. B.: Studies of the physiology of the 

liver. III. Muscle glycogen following total removal of the liver. Am. J. Physiol., 
1925, 74, 238. 



CLINICAL 


355 


34. Bordley, J., Ill: Disappearance of diabetes rnellitus during the development of cirrhosis 

of the liver. Johns Hopkins Hasp. Bull., 1930, 47, 113. 

35. Bowen, B. D., and Heilbrun, N.: Pregnancy and diabetes, with a report of 5 cases 

and a review of the literature. Am. J. Med. Set., 1932, 183, 803. 

36. Brian, E. W., Schechter, A. J., and Persons, E. L.: Unusual glycogen storage in a 

case of diabetes rnellitus. Arch. Int. Med., 1937, 59, 685. 

37. Brooke IE ix>, R. W., and Corbett, H. V.: Diabetes rnellitus in association with de- 

generation of the suprarenal glands. Brit. Med. J., 1934, 1, 231. 

38. Bruckner, W. J., Wees, C. II., and Lavietes, P. H.: Anorexia nervosa and pituitary 

cachexia. Am. J. Med. Set., 1938, 196, 663. 

39. Bruger, M.. Diabetes rnellitus and hyperthyroidism. Report of a case with a fasting 

blood sugar of 1500 mg. per hundred cubic centimeters in the absence of coma. 
J. Am. Med. Ass., 1935, 104, 2163. 

40. Bretnschwig, A., Ricketts, H. T., and Bigelow, R. R.: Total pancreatectomy, total 

gastrectomy, total duodenectomy, splenectomy, left adrenalectomy and omen- 
tectomy in a diabetic patient, recovery. Surg. Gynecol. Obst., 1945, 80, 252. 

41. BuRES cn, A." Stoffwechseluntersuchungen bei Morbus Addison. I. fiber die Storun- 

gen des Kohlehydratstoffwechsels Z. klin. Med., 1931, 118, 206. 

42. Campbell, W. R.. Ketosis, acidosis and coma treated by insulin. J. Melab. Res., 19 2, 

2,605. 

43. Campbell, W. R., Graham, R. R., and Robinson, W. L.: Islet cell tumors of the 

pancreas Am. J. Med. Set., 1939, 198, 445. 

44. Carey, J. B., Arey, S. L., and Norris, E. H.: Myxedema and diabetes rnellitus- A case 

report with autopsy findings. Ann. Ini. Med., 1937, 11, 838 

45. Carmichael, J. L . HyperinsuHnisra associated with hypothyroidism Two case re- 

ports. Atm. Ini. Med , 1938, 11, 1906. 

46. Clark, B. B., Gibson, R. B., and Paul, W. D.: Increased effectiveness of insulin when 

given by injections of doses of equal unitage at intervals of two to four hours. I. 
Use of insulin in divided doses to manage severe uncomplicated diabetes and to 
control complicated medical cases. Arch. Int. Med., 1935, 56, 360. 

47. Coggesiiall, C , and Root, H. F.‘ Acromegaly and diabetes rnellitus. Endocrinol., 

1940, 26, 1. 

48. Collens, W. S., Stouarsky, R. G , AND Netzar, S.: Is use of insulin indicated in the 

elderly diabetic with coronary sclerosis? Am. J. Med. Set., 1936, 191, 503. 

49. Coller, F. A , AND Jackson, H. C.: Surgical aspects of hypogljcemia associated with 

damage to the liver. J. Am. Med. Ass., 1939, 112, 128. 

50. Colwell, A. R.: The relation of the hypophjsis to diabetes rnellitus. Medicine, 1927, 

6, 1. 

51. Colwell, A. R., and Izzo, J. L.: Protamine zinc insulin modified for accelerated action. 

J. Am. Med. Ass., 1943, 122, 1231. 

52. Conn, J. W.: The spontaneous hypoglycemias. Importance of etiology in determining 

treatment. J. Am. Med. Ass., 1940, 115, 1669. 

53. Conn, J. W , and Conn, E. S.: Metabolism in inorganic hyperinsulinism. I. 'Quanti- 

tative studies of the variations in the rate of combustion of carbohydrate produced 
by alterations in the diet. Arch. Int. Med., 1941, 68, 876 

54. Conn, J. W., and Newbcrcii, L H.- The advantage to the diabetic of protein as a 

source of glucose. J. Clin. Invest., 1936, 15, 470P. 

55. Conn, J. W„, Newburgh, L. H., Johnston, M. W., and Sheldon, J. M.: Study of the 

deranged carbohydrate metabolism in chronic infectious hepatitis. A reh. Int. Med., 
1938, 62, 765. 



356 


CARBOHYDRATE 


56. Crawtord, T.s The causation of the low blood-sugar curve in eoeliac disease. Quart. 

J. Med., 1939, 8. 251. 

57. Crawtord, T.: Carbohydrate tolerance in hypothyroidism and hyperthyroidism. 

Arch. Dis. CfnV., 1940, 15, 184. 

58. Culpepper, W. L., Madden, E. E., Olson, E. C., and Hutton, J. H.: Treatment of 

essential hypertension and diabetes mcllitus by irradiation of the pituitary and 
adrenal regions. Endocrinol , 1938, 22, 236. 

59. Cushing, II.: The pituitary body and its disorders; clinical states produced by disorders 

of the hypophysis cerebri. J. IS. Lippincott Co , Pbila. and London, 1912. 

60. CtraiBERT, F. P-, Iw, A. C., Isaacs, B. L., and Gray, J.: The relation of pregnancy 

and lactation to extirpation diabetes in the dog. A m. J. Physiol., 1936, 115, 480. 

61. Davidson, E. C., and Allen, C. I.: The blood glucose curve in head injuries. Johns 

Hopkins Uosp. Bull., 1925, 37, 217. 

62. Depiscji, T.. IIasenOhrl, R., and Soi&nbauer, L.: fiber die operative Bceinflussung 

dcs Zuckcrstoffwcchscls. Wien. tlin. Woch , 1930, 43, 321. 

63. Dillon, E S., and Dyer, W. W : Diabetic coma with extreme hyperglycemia. A m. J. 

hied. Sci , 1935, 190, 6S3. 

64. DOBXOVIC!, A , Dclutresco-M ante and DcluCea, S.: Sur le taux de la glycfimie chei 

les pneumoniques. Com pi. rend soc. biol., 1932, 111, 13S. 

65. Dorfuan, R. I, Wilson, H M., and Peters, J. P.: DiHerential diagnosis of ba- 

sophilism and allied conditions. Endocrinol , 19 10, 27, 1. 

66. Drake, T. G. IL, and Snelunc, C. E.. Sugar tolerance curves in acute intoxication 

of infants Canada Med. Ass J , 1931, 24, 511. 

67. DuBois, E. F.: Basal metabolism tn health and disease. Lea and Febiger, Philadelphia 

and New York, 1924. 

68 Duncan, G. G, and Tetter, F.. The effect of pregnancy on the insulin requirement 
of the diabetic. Am. J. Med. Sci , 1934, 187, 347. 

69. Duncan, J W., and Harding, V.J.. A report on the effect of high carbohydrate feeding 
on the nausea and vomiting of pregnancy. J. Can. Med. Ass., 1918, 7, 1057. 

70 Eason, J., and Lyon, D. 11.- High carbohydrate diets in diabetes. Lancet, 1933, 1, 743. 

71. EceerstrOm, S.: Ilypergly cfmie de type transitoire et glycosurie consfcu lives & un 

infarctus myocarde. Acta Med. Scand , 1938, 95, 528. 

72. Ellis, A Increased carbohydrate tolerance in diabetics following the hourly adminis- 

tration of glucose and insulin over long periods. Quart. J . Med., 1934, 3, 137. 

73. Ellis, R. W. B., and Payne, IV. W : Glycogen disease (von Gierke’s disease; bepato- 

(nephro)megalia glycogenica). Quart. J. Med , 1936, 5, 31. 

74. Engel, A , and Lysnour, E.- Contribution 1 l’ftude de la symptomatclogie du cancer 

pancriatique. Acta Med Scand., 1933, 80, 34 

75. Engel, F L, Winion, M. G , and Lono, C N. H.- Biochemical studies on shock. 

I. The metabolism of amino acids and carbohydrate during hemorrhagic shock in 
the rat. J. Exp. Med., 1943, 77, 397. 

76 Engel, R. InsuknrefrahlSrer Diabetes bei schwerem Leberschaden Khn. Woch , 
1934, 13, 1682. 

77. Epstein, A. A., and Aschner, P. W.: The effect of surgical procedures on the blood 

sugar content. J. Biol Chem , 1916, 25, 151- 

78. Erben, r. Einbhche in den Kohlehydratstoffwechsel durch das Studiura der Glyko- 

genose Z. Min. Med , 1938, 134, 31. 

79. Tabes, K : Benign glycosuria due to disturbances in the blood sugar regulating mecha- 

nism. J Clin. Invest , 1927, 3, 203. 

80. Faber, K., and Hansen, E. M-: The determination of the threshold of glycosuria 

and the errors involved. Acta Med. Scand., 1923, 58, 372. 



CLINICAL 


357 


81. Faber, V., and Vend£g, V.: Vergleichende Untersuchungen am Leberglykogen eines 

glykogenkranken SSuglings und an jenera normaler Tiere. Z. ges. exp. Med., 1933— 
36, 97, £6. 

82. Falta, W., and Bolleb, R.: Insularer und Insulinresistenter Diabetes. Klin. Woch., 

1931, 10, 433. 

83. Feinblatt, H. M. : Hyperglycemia based upon a study of 2000 blood chemical analyses. 

J. Lab. Clin. Med., 1923, 8, 500. 

84. Fejer, A., von, and Het£nyi, G.: Stoffwechselstudien an Leberkranken. I.Mit- 

teilung. Untersuchungen uber den Zuckerstoffwechsel der Leberkranken. Z. ges. 
exp . Med., 1924, 42, 670. 

85. Fetter, F., Durkin, J. K., and Duncan, G. G.: Dietary versus insulin treatment of 

the obese diabetic patient. Am. J. Med. Sci., 1938, 195, 781. 

86. Fetzer, H. C.: Untersuchungen Uber die Beziehungen zwischen Kohl ehy dratsto ffwech- 

sel und experi men teller Staphylokokkeninfektion beim Kaninchen. Arch. Ilyg. 
Bakt., 1932, 107, 255. 

87. Fischer, L., and Rogetz, J. L.: Insulin in malnutrition. Am. J. Dir. Child., 1926, 31, 

363. 

88. Fiaum, A.: Beobachtungen Uber die Blutzuckerkurve bei Diabetikern im Laufe des 

Tages Acla Med Scand., 1925, 62, 372. 

89. Fletcher, A. A.; Diabetic treatment of chronic arthritis and its relation to sugar 

tolerance. Arch. Int. Med,, 1922, 30, 106. 

90. Foley, M. P., Snell, A. M., and Craig, W. McK. • Anterior pituitary tumor associated 

with cachexia, hypoglycemia, and duodenal ulcer. Am. J. Med. Set., 1939, 198, 1. 

91. Foord, A. G., and Bowen, B. D.: Acute interstitial pancreatitis in two cases of diabetic 

coma. Am. J. Med. Sci., 1930, 180, 676. 

92. Foster, D. P., and Lowrie, W. L., Jr.: Diabetes mellitus associated with hyperthyroid- 

ism. Endocrinol., 1938, 23, 681. 

93. Frank, H.: Letale Hypoglykamie bei Pankreasadenom. D. Arch. klin. Med., 1931, 

171, 175. 

94. Friedenson, M., Rosenbaum, M. K., Thalheimer, E. J., and Peters, J. P.: Cu- 

taneous and venous blood sugar curves. I. In normal individuals after insulin 
and in liver disease. J. Biol. Chcm., 1928, 80, 269. 

95. Friedenson, M., Rosenbaum, M. K., Tralhehcer, E. J., and Peters, J. P.: Cutane- 

ous and venous blood sugar curves. II. In benign glycosuria and in diabetes. 
Arch. Ini. Med., 1929, 43, 633. 

96 Gais, E. S , and Weinbaum, E. A.: Diabetes. An attempt to demonstrate an ‘'anti- 

insulin" effect of blood plasma of certain diabetic types, J. Clin. Endocrinol., 
1941, 1, 607. 

97 Gardiner-Hill, H , Brett, P. C., and Smith, J. F.: Carbohydrate tolerance in myx- 

oedema. Quart. J. Med., 1925, 18, 327. 

98. Gettler, A. O., and Lindeman, E.: Blood chemistry in pernicious anemia. Arch. 

Ini. Med., 1920, 26, 453. 

99. Gettler, A. O., and St. George, A. V.: The value of modern chemistry to the clinician. 

J. Am. Med. Ass., 1918, 71, 2033. 

100. G eye lin, II. R.: The carbohydrate metabolism in hyperthyroidism as determined by 

examination of blood and urine. Arch. Ini. Med , 1915, 16, 975. 

101. Gibson, R. B., and Towler, W. M.: Infantilism and diabetes mellitus. A report of 

eight cases. Arch, Ini. Med., 1936, 57, 695. 

102. Gierke, E. von: Hepato-Nephromegalia glykogenica. (Glykogenspeicherkrankheit 

der Leber und Nieren.) Beilr. path. Anal. aUg. Path., 1929, 82, 497. 



358 


CARBOHYDRATE 


10-3. GtUJCAN, D. R., Abrams, it. I., and Stem?, B.: Carbohydrate metabolism in. human 
hypothyroidism induced by total thyroidectomy. I. The glucose tolerance curve 
and the fasting serum sugar concentration. A m. J. Med. Sri , 1934, 188, 790. 

104. Glassbesg, B. Y.: 'Hie incidence of nondiabetic glycosuria. J. Lab. Clin. Med., 1935- 

36. 21, 152. 

105. Glen, A., and Eaton, J. C.: Insulin antagonism. Quart. J. Med., 1938, 7, 271. 

106. Goldner, M. G., and Clark, D. E.: The insulin requirement of man after total pan- 

createctomy. J. Gin. Endocrine! , 1944, 4, 194. 

107. Gorr, R., Jr.: Hemochromatosis. Report of a case. J. Am. Med. Ass, 1933, 101, 

1874. 

108. Graham, G.: The relation of infection to diabetic coma. Quart. J. Med., 1925, 18, 294 

109. Grader, I*. W.t Pancreatic carcinoma A review of thirty-four autopsies. Arch. ltd. 

Med., 1939,63, 584. 

110. Greeley, P. 0., Martin, II. E., and Hallman, L. P.: Diabetes mellitus Disposal of 

glucose at high and normal blood sugar levels under action of insulin. J. Clin. 
Endocrinol., 1942,2, 590. 

111. Greene, C. H , Snell, A. M., and Walters, W-: Diseases of the liver. I. A survey 

of tests for hepatic function. Arch. Ini. Med., 1925, 36, 248. 

112. Griteiths, W. J.: Insulin resistance and the arterio-venous blood sugar difference. 

Gin. Scl , 1938, 3, 91. 

113. GRtmTns, W. J.: Insulin resistance and diagnosis of thyroid disease. Quart. J. Med, 

1939,8,23. 

114. Groac, B , and ScinVARZ, II.* Der Einfluss dcr Muskelarbeit auf die BlutmilchsSure, 

Alkalireservc, Aziditat des Hams usw, bei Kreislaufkrankcn. Arch. exp. Path. 
Pham , 1927, 121, 23. 

1 15. nADEN, R. L , and Orr, T. G.: Chemical changes in the blood of the dog after intestinal 

obstruction J. Exp. Med., 1923, 37, 365 

Chemical changes in the blood of the dog after obstruction of the esophagus and 
of the cardiac end oi the stomach. J. Exp. Med., 1923, 38, 477. 

116. Hacedorn, n C : Spontaneous hypoglycaemia. Acta Med. ScaitJ , 1932, Sdppl. 50, 

187. 

117. Hamman, L., and IIirschman, I I.: Studies on blood sugar. Arch Ini. Med , 1917, 

20, 761. 

118. Hansen, K. M Investigations of the blood sugar in nun. VI. On the rise of the op- 

timal sugar percentage and increase of the one-gram rise in the course of diabetes. 
Aria Mtd. Stand , 1923, SB, 585. 

119. Hantschmann, L.: Beitrag zu den StoffwechsclstOrungen bei Hypophysenvorderlappen 

ausfall. D. Arch. Min. Med., 1934, 176, 397. 

120. Harie, F.: Hypcrtonie und Blutzucker. Z tltn. Med., 1921, 92, 124. 

121 Harris, S.: Hyperinsutinism and dysinsuhnism. J. Am. Med. Ass., 1924, 83, 729. 

122. Harris, S The diagnosis and treatment of hyperinsuhnism. Ann.'Int. Med., 1936, 

10, 514 

123. Hart, J. F., and Vigens, C. A.: Insulin resistance. Association of extreme insulin 

resistance with allergy. Report of a case. J. Clin. Endocrinol , 1941, 1, 399. 

124. Hartmann, A. IV Treatment of severe diabetic acidosis. A comparison of methods, 

with particular reference to the use of racemic sodium lactate. Arch. Ini, Med., 
1935, 56, 413. 

125. Hartmann, A. T., and Sens, M. J. E\ Studies in the metabolism of sodium r-lactate. 

HI. Response of human subjects with liver damage, disturbed water and mineral 
balance, and renal insufficiency to the Intravenous injection of sodium r-lactate. 

J. Clin Invest., 1932, 11, 345. 



CLINICAL 


359 


126. HaTLEHOL, R.: The influence of fasting on the blood sugar in diabetes. Acta Med. 

Scant., 1923, Suppl. 7, 176. 

127. Hatlehol, R.: Blood sugar studies. With special regard to the threshold of glycosuria 

in diabetes mellitus and benign chronic glycosuria. Ada Med. Scant., 1924, Suppl. 
8, 1. 

128. Hawkins, J. A., MacKay, E. M , and Van Slyke, D. D.: Glucose excretion in Bright’* 

disease. J. Clin. Invest., 1929, 8, 107. 

129. Hayward, L. A.: Hypoglycaemia in renal glycosuria. Lancet, 1938, 2, 253. 

130. Herbert, F. K., and Davison, G.: The clinical value of the estimation of laevulose 

tolerance by means of analyses of blood-laevulose. Quart. J. Med., 1938, 7, 355. 

131. Herbst, R.: liber insulinresistenten Diabetes. Z. klin. Med., 1937, 133, 186. 

132. Herrick, W. W. : Hypertension and hyperglycemia. J. Am. Med. A ss , 1923, 81, 1942. 
133 Heyd, C. G., MacNeal, W. J., and Killian, J. A.: Hepatitis in its relations to in* 

fiammatory disease of the abdomen, a clinical and laboratory study. Am. J. Obst. 
and Gynecol., 1924, 7, 413 

134. Hiccons, R. A.: Hypoglycemia in the new-born. Am. J. Dis. Child., 1935, 50, 162. 

135. Hiller, A.: Identification of reducing substances in nephritic urine. J. Biol. Chem., 

1931, 91, 735. 

136. Hiusworto, H. P.: The rflle of glucose in the treatment of diabetic intoxication. Lan- 

cet, 1932, 2, 165. 

137. Himsworth, H P.: The influence of diet on the sugar tolerance of healthy men and its 

reference to certain extrinsic factors Clin. Sci., 1934, 1, 251. 

138. H tus worth, H. P.: Diabetes mellitus. its differentiation into insulin-sensitive and 

insulin-insensitive types. Lancet, 1936, 1, 127. 

139. Hiusworto, II. P.: Management of diabetes mellitus. Bril. Med. J., 1936, 2, 137: 188. 

140. Hiusworto, H. P.: Protamine insulin and zinc protamine insulin in the treatment of 

diabetes mellitus. Bril. Med. J., 1937, 1, 541. 

141. Hiusworth, H. P., and Kerr, R. B.: Pituitary like factors in the blood and urine of 

diabetic patients and of animals treated with pituitary extracts. Clin. Sci, 1940, 
4, 287. 

142. Hochrein, M., and Meier, R : t)ber den Milchsaurcgehalt des Blutes. D. Arch. klin. 

Med , 1928, 161, 59. 

143. HoLBpLL, S. A.: Carbohydrate metabolism in patients with adiposity. Ugeskr. Laeger, 

1931, 93, 686. (Cited in J. Am. Med. Am.) 

144. Holuncer, A.: liber Hyperglykkmie bei Fieber. D. Arch klin. Med., 1908, 92, 217, 

145. Holst, J E.: Untersuchungen ueber leichte Glykosurien. Acta Med. Scant., 1922-23. 

57, 188. 

146. Holst, J. E,; lavestisations into benign glycosuria, and diabetes, melfltus. Acta Mtd. 

Scant., 1925-26, 63, 47. 

147. Hoist, J. E.: Die Hohe der Blutzuckersteigemng nach Glykosegaben bei Diabetes 

mellitus und bei Nkhtdiabetikem. Z. klin. Med, 1931-32, 119, 777. 

148. Hoisn, O.: Alimentare HyperglykSmie bei Arthritis. Ada Med. Scant., 1922, Suppl. 

Ill, 137. (The blood sugar in articular rheumatism.) Finska Lakeres. Band., 
1924, 55, 217. 

149. Hopkins, A. H., and Jonas, L.: Studies in renal function with special reference to non- 

protein nitrogen and sugar concentration in the blood, phenolsulphonephthalein 
elimination and blood pressure. Arch. Int. Med., 1915, 15, 964. 

150. Hcswrn, D., and Irving, F. C.: Diabetes and pregnancy. Am. J. Med. Sci., 1937, 

194, 85. 

151. Ingvaldsen, T., Whipple, A. O., Bacman, L., and Smith, B. O.: The r61e of anhy- 

dremia and the nature of the toxin in intestinal obstruction. J. Exp. Med., 1924, 
39, 117. 



360 


CARBOHYDRATE 


152. Jackson, S. II., Nicholson, T. F., and Holman, YV. L.: Carbohydrate metabolism 

and staphylococcus infection in rabbits. J. Path. Bad., 1940, 50, 1. 

153. Jan kelson, I. R,, and Lerner, II. II.: Intravenous galactose liver function test; pre- 

liminary report. Am J. Digest. Dis. Nutrition, 1934, I, 310. 

154. Janney, N. YV., and Isaacson, V. I.: I. The blood sugar in thyroid and other endocrine 

diseases. The significance oi hypoglycemia and the delayed blood sugar curves. 
Arch. Int. Med., 1918, 22, 160. 

155. Jensen, I.: Contribution to investigation into the low blood sugar curves. Acta Paed., 

1930, 9, 405. 

156. Jervell, O.: Investigation of the concentration of lactic acid in blood and urine under 

physiologic and pathologic conditions. Acta Med. Scand., 1928, Suppl. 24, 1, 

157. Jons, II. J : Glucose tolerance and its value in diagnosis. J. Me tali. Res., 1922, 1, 497; 

1923,4,255. 

158. JonN, II. J.: The possible relationship between acromegaly and diabetes, with report 

of three cases. Arch. Int. Med., 1926, 37, 489. 

159. John, II. J.: Glucose tolerance studies in children and in adolescents. Endocrinol., 

1934, 18, 75. 

160. JonN, H. J : Further observations on the treatment of hyperinsulinism with insulin. 

Endocrinol., 1935, 19, 689. 

161. Johnson, A.: Untersuchungcn Ubcr die Blutzuckerverhaltmsse bei anSmisdien Zus- 

tinden, spezicll bei pemizidser AnSmie. Acta Med. Scand., 1922, Suppl. Ill, 139. 

162. Jonas, L , Miller, T. G., and Teller, I.: All day blood sugar curves in nondiabetic 

individuals and in diabetic patients with and without insulin. Arch. Int. Med., 
1925, 35, 2S9. 

163. Josephs, H • Fasting as a cause of convulsions. Am. J. Dis. Child , 1926, 31, 169. 

164. Joslin, E. P • Diabetes mellitus. N. Eng. J. Med., 1945, 232, 219. 

165. Kahn, M., and Barsky, J.: Studies of the chemistry of pernicious anemia. Arch. Int. 

Med., 1919, 23, 334. 

166 Kantrow, A. H., and Boyd, J. D.: Blood sugar in diabetes in children. Am. J. Dis. 
Child., 1937, 54, 1005. 

167. Kerppola, YV. Zur Kenntnis der essentiellen Hypertonie. Acta Med. Scand., 1923, 

57, 515. 

168. Kerr, R B , and Best, C. II.: The effects of protamine insulin and related compounds 

in normal aod depancreatized dogs. Am. J. Med. Set., 1937, 194, 149. 

169. Kino, E. L.. Glucose and insulin in the treatment of the vomiting of pregnancy. /.Am. 

Med. Ass., 1926, 86, 1417. 

170. Klatskin, G : The response of diabetics to a standard test dose of insulin. J. Gin . 

Invest , 1938, 17, 745. 

171. Klein, D.- The effects of administration of glucose and insulin on blood pyruvate and 

lactate in diabetes mellitus. J. Biol. Chem., 1942, 145, 35. 

ZusUnden V. fiber die Bedeutung der Galaktosamie und der Glykositmie nach 
oraler Galaktosebelastung fur die IunkUoneHe Leberdiagnosuk. Z. ges. exp. Med., 
1933, 90, 465. 

173. Kocte, J H., AND Vonderahe, A R.: The Houssay phenomenon in man: Report of a 
case of diabetes mellitus, infarct of the anterior lobe of the pituitary and terminal 
hypoglycemia. J. Am. Med. Ass , 1940, 114, 950. 

174 Rrakauer, M : Die diatetische Einstellung des Diabetikers xnit kohlehydratreicher 
und fettarmer Kost auf Grund klinischer Erfahrungen. Kltrt I Voch , 1935, 14, 820. 
175. Kramer, D. YV.: Hypertension and diabetes. Am. J. Med. Set , 1928, 176, 23. 



CLINICAL 


361 


176. Ktlin, E.: Studfen fiber das Hyperfonie-Hyperglykiimie-Hyperurikamiesyndrome. 

Zentr. inn. Med., 1923, 44, 81-105. 

177. Labb£, M.: Diabete sucrfi ct maladie dc basedow. Ned. Tijdschr. Geneesk., 1937, 81, 

324. 

178. Ladd, W. S., and Richardson, H. B.: Clinical calorimetry. XXXVIII. The utiliza- 

tion of carbohydrate in a case of renal glycosuria. J. Biol. Chem., 1925, 63, 681. 

179. Laterxy, J. M,: The blood sugar in eclampsia. Am. J. Obsl. Gynecol , 1931, 22, 637. 

180. Landau, A., Hercenberg, T., and Beiless, I.: Contribution & l’ttude du diabfcts sucr4- 

baste sur les recberches de la glycdmie capillaire et veineuse. J. Physiol. Path. 
Gin., 1935, 33, 544. 

181. Lands, H., and Pollack, H.: Hyperglycemia and glycosuria associated with disease 

of the biliary tract. Arch. Ini. Med., 1935, 56, 1097. 

182. Langston, W.: Glucose tolerance test. J. Lab. Clin. Med., 1922, 7, 293. 

183. Lawrence, R- D.: Effect of insulin on the sugar content of arterial and venous blood 

in diabetes. Brit. Med. J., 1924, 1, 516. 

184. Lawrence, R. D.: Treatment of diabetic coma. Bril. Med. J , 1936, 2, 81. 

185. Lawrence, R. D., and Archer, N.: Zinc protamine insulin. A clinical trial of the 

new preparation. Brit. Med. J., 1937, 1, 487. 

186. Lawrence, R. D. and Buckley, O. B., The inhibition of insulin action by toxemias 

and its explanation. I. The effect of diphtheria toxin on blood sugar and insulin 
action in rabbits. Brit J. Exp. Path., 1927, 8, 58. 

187. Lawrence, R. D., Millsian, C. G., and Pilkington, F. E., The diabetic acute ab- 

domen. A typical case. Bril. Med. J., 1931, 2, 530. 

168. Lepore, if. J., The clinical significance of the low or "flat” oral glucose tolerance 
curve. Ann. Int. Med., 1931, 14, 2008. 

189. Levene, P. A., and Blanco, J. G., Dihydroxyacetone and insulin hypoglycemia. J. 

Biol. Chem., 1928, 79, 657. 

190. Levine, S. A.: The treatment of acute coronary thrombosis. J. Am. Med. Ass , 1932, 

99, 1737. 

191. Leyton, O.: The fallacy of the sugar tolerance test in the diagnosis of diabetes mellitus. 

Brit. Med. J., 1935, 2, 536. 

192. Lichty, J. A., AND Woods, J. O.: The significance of glycosuria in gall-bladder and duct 

disease. Am. J. Med. Sci., 1924, 167, 1. 

193. Linder, G. C., Hiller, A., and Van Slyke, D. D.: Carbohydrate metabolism in nephri- 

tis. J. Clin. Invest., 1925, 1, 247. 

194. Lindsay, L. M., Ross, A., and Wigglesworth, F. W.: Von Gierke’s glycogen disease. 

Ann. Ini. Med., 1935, 9, 274. 

195. Loeb, R. F., Reeves, E. B., and Glas/ek, II. P.: Responses to the injection of epi- 

nephrine in hepatic disease. J. Clin. Invest , 1931, 10, 19. 

196. Lowell, F. C.: Immunologic studies in insulin resistance. I. Report of a case ex- 

hibiting variations in resistance and allergy to insulin. J. Clin. Invest., 1944, 23, 
225. 

197. Lowell, F. C.: II. The presence of a neutralizing factor in the blood exhibiting some 

characteristics of an antibody. Ibid., 233. 

198. Lozner, E. L., Winkler, A. W., Taylor, F. H. L., and Peters, J. P.: The intravenous 

glucose tolerance test. J. Gin. Invest., 1941, 20, 507. 

199. Locke, H.: Stellt die Entnervung der Nebennieren einc aussichts voile Diabeteshand- 

lung dar? Z. hlin. Med., 1933, 125, 361. 

200. Ldkens, F. D. W.: Carbohydrate in diabetes. Newer conceptions of its use. Penn. 

Med. J., 1934, 37, 992. 



362 


CARBOHYDRATE 


201. MacBryde, C. M.: Insulin resistance in diabetes mellitus Arch. Ini. Med , 1933, 52, 

932. 

202. MacBrydf, C. M.: Response to insulin as an index to tbe dietary management of dia- 

betes. J. Clin, Invest , 1936, 15, 577. 

203. MacBryde, C. M,, AND Roberts, II. K.: A new modified protamine zinc insulin. 

Comparison with bistone zinc insulin, clear, and standard protamine zinc insulins. 
J. Clin Incest., 1943, 22, 791. 

204. Maclagan, N. r., and Rundle, V. F-: Liver function in thyrotoxicosis. Quart. J , 

Med., 1940, 9, 21S. 

205. Macleod, J, J. R.: Insulin. Physiol. Rev , 1924, 4, 21. 

206. Macrae, O., and Morris, N.: Metabolism studies in coeliac disease. Arch. Dis. 

Child., 1931,6,75. 

207. Magendantz, II., AND Proger, S : Anorexia nervosa or hypopituitarism? J.Arn. Med. 

Ass., 1940, 114, 1973. 

208. Malamcd, N., and Grosii, L. C., Jr.: Ilyperinsulinism and cerebral changes. Report 

of a case due to an islet cell adenoma of the pancreas. Arch. Ini. Med., 1938, 61, 579. 

209. Manvkl, A. R , and Ltse, G. - StofiwechstlbeobachluTigen an einem FaUe von Diabetes 

mellitus mit bcsondcrer Beriickslcbligung dcr Prognose. D. Arch. Klin. Med , 
1904,81, 479. 

210. Mann, F. C.: The hver in relation to carbohydrate metabolism. Trans Ass. Am. 

Physicians, 1925, 40, 362. 

Modified physiological processes following total removal of the liver. J. Am. Med. 
Ass., 1925, 85, 1472 

Mann, T. C., and Magatti, T. D . Studies in the physiology of the liver. II. The 
effect of the removal of the li\cr on the blood sugar level. Arch. Ini. Med , 1922, 
30, 73 

III. The effect of administration of glucose in the condition following total extirpation 
of the liver. Arch. Ini Med , 1922, 30, 171. 

IV. The effect of total removal of the liver after pancreatectomy on the blood sugar 
level. Arch. Int Med., 1923, 31, 797. 

VII. The effect of insulin on the blood sugar following total and partial removal of the 
liver. Am.J Physiol , 1923, 65, 403. 

211. Marble, A Renal glycosuria. Am J. Med. Set , 1932, 183, 811. 

212. Marble, A.. Insulin resistance. Report of a case of marked insensitiveness of Jong 

duration without demonstrable cause Arch Ini. Med., 1938, 62, 432. 

213. Marbix, A., Joslin, E. P., Dublin, L. I , and Marks, H. II • Studies in diabetes 

mellitus. VII Non-diabetic gljcosuna. Am. J. Med. Set , 1939, 197, 533. 

214. Marble, A., Root, II W., and White, P.* Dialietic coma. New Eng. J. Med , J935, 

212, 288. 

215. Marble, A., AND Smith, R. M • Exercise in diabetes mellitus. Arch. Int. Med, 1936, 

58, 577. 

216. Marcolis, H. Mi, and Eisenstein, V. W-. The treatment of diabetes mellitus with a 

four-meal diet: a means of circumventing certain difficulties arising in the use of 
protamine zinc insulrn. A nn. Ini. Med., 1940, 14, 667. 

217. Mason, H. H , and Sly, G. E : Diabetes mellitus. Report of a ease resistant to insulin 

but responsive to a change in the type of carbobjdrate fed. J. Am. Med. Ass, 
1937, 108, 2016. 

218. Mason, H. H., and Sly, G E.: Blood lactic add in liver glycogen disease. Free. Soc. 

Erf. Biol Med., 1943, 53, 145. 

219. Mattox., R. M , Mayer, K. M., and Sorer, L. W.: Dextrose tolerance in atrophic 

infants. Am. J. Dis. Child., 1920, 19, 42. 



CLINICAL 


363 


220. Mays, C.R., and McCord, W.M.: A study of blood sugar levels in eclampsia. Am. J. 

Obst. Gynecol., 1935, 29, 405. 

221. McBrayer, R. A.: Blood sugar and basal metabolism. Findings in chronic pulmonary 

tuberculosis and hyperthyroidism. J. Am. Med. Ass., 1921, 77, 861. 

222. McCaughan, J. M.: Subtotal pancreatectomy for hyperinsulinism. Operative technic. 

Ann. Surg., 1935, 101, 1336. 

223. McClenahan, W. U., and Norris, G. W.: Adenoma of Islands of Langerhans with 

associated hypoglycemia. Am. J. Med. Set., 1929, 177, 93. 

224. McKittrick, L. S.: Abdominal symptoms with or without abdominal lesions in dia- 

betic acidosis. Nod Eng. J. Med., 1933, 209, 1033. 

225. Meakins, J., and Long, C. N. H.: Oxygen consumption, oxygen debt and lactic add 

in circulatory failure. J. Clin. Invest., 1927, 4, 273. 

226. Meakins, J. C.: Hypoglycemia following encephalitis. Ann. Int. Med., 1940, 13, 1830. 

227. Menkin, V.: Gluconeogenesis and cellular injury. A further inquiry into the mechan- 

ism involved in diabetes enhanced by inflammation. Am. J. Physiol., 1943, 138, 
396. 

228. Metjlencracht, E.: The blood sugar curve in various forms of icterus. Acta Med. 

Scand., 1932, 79, 32. 

229. Meulengracbt, E», and Iverson, P.: Der Blutzucker bei pemizi5ser Anamie. D. 

Arch. klin. Med., 1925, 148, 1. 

230. Meyler, L., and de Maak, A.: Protamine insulin. Acta Med. Scand., 1938, 94, 414. 

231. Miller, H. C., Hob wrrz, D., and Kcder, K.: Fetal and neonatal mortality in preg- 

nandes complicated by diabetes mellitus. J. Am. Med Ass , 1944, 124, 271. 

232. Mmn, H. C., and Wilson, H. M.: Macrosomia, cardiac hypertrophy, erythro- 

blastosis, and hyperplasia of the islands of Langerhans in infants born to diabetic 
mothers. J. Pediatrics, 1943, 23, 251. 

233. Miesky, I, A.: The etiology of diabetic addosis. J. Am. Med. Ass., 1942, 118, 690. 

234. Mirsky, I. A., Franzblau, A. N., Nelson, N., and Nelson, W. E.: Diabetes mellitus. 

The role of excessive carbohydrate intake in the etiology of diabetic coma. J. 
Clin. Endocrinol., 1941, 1, 307. 

235. Mirsky, I. A., Heuian, J. D., and Broh-Kahn, R. H.: The antiketogenic action of 

glucose in the absence of insulin. Am. J. Physiol., 1937, 118, 290. 

236. Mirsky, I. A., Korenberg, M„ Nelson, N., and Nelson, W. E. : The hepatic glycogen 

reserves in diabetes mellitus. Endocrinol., 1941, 28, 358. 

237. Mirsky, I. A., Nelson, N., Elgart, S., and Gra yuan, I.: The production of permanent- 

hyperglycemia and glycosuria by the prolonged administration of insulin. Science, 
1942, 95, 583. 

238. Mohixr, H. K.: Hypertension and hyperglycemia. Observations in a series of forty 

six cases. J. Am. Med. Ass., 1925, 84, 243. 

239. Mommsen, H., and Mayer, I.: Stfirungen des intermediSren Kohlehydratstoffwechsels 

in Verlauf der Parotitis epidemica. Z. Kinderheilk., 1931, 51, 786. 

240. Moore, H., O’Farrell, W. R., and Hzadon, M. F.: Spontaneous hypoglycaemia 

associated with hepatitis. Brit. Med. J., 1934, 1, 225. 

241. Mosenthal, H. O.: The relation o! blood sugar to blood pressure. Am. J. Med. Set., 

1928, 176, 761. 

242. Mosenthal, H. O., Clacsen, S. W., and Heller, A.: The effect of diet on blood sugar 

in diabetes mellitus. Arch. Int. Med., 1918, 21, 93. 

243. Naisd, A. E., and Gcmpert, T. E.: Von Gierke’s disease associated with amjlorrhoea. 

Brit. Med. J., 1936, 1, 360. 

244. NetjbaoeR, E.: Ober HyperglykSmie bei Hochdruckncphritis und die Beziehungen 

zwischen GlykJmie und Glykosurie beim Diabetes mellitus. Biochem. Z., 1910, 
25, 284. 



364 


CARBOHYDRATE 


245. Nevinny, II., and Some iter, G.: Zuckerlranlhcit und Schwangerschaft. Arch. 
GynOlri., 1930, 140, 397. 

216. Newburcit, L, IT.: Control of the hyperglycemia of obese "diabetics” by weight reduc- 
tion. Ann. Ini. lied., 1942, 17, 935. 

247. NfcWjHjRGtt, L- 11- 1 and Conn, J. W A » interpretation o{ hyperglycemia in obese 

middle-aged persons J. Am. Med. Ass , 1939, 112, 7. 

248. NewbuxcN, L II., and Waller, D. S.: Studies of diabetes mellitus. Evidence that 

the disability is concerned solely with the metabolism of glucose. The mode of 
action of insulin. J. Clin. Invest., 1932, 11, 995. 

249. Ogilyie, R. I\: Sugar tolerance in obese subjects. A review of sixty-five cases. Quart. 

J.lltd., 1935,4, 345. 

250. OIIare, J. P.: Glucose tolerance test in vascular hypertension. Am. J. Med. Set, 

1920, 160, 366. 

251. Olmsted, \V. II., and Gay, L. P.. Study of Wood sugar curves following a standardized 

glucose meal. Arch. Ini. lied., 1922, 29, 334. 

252. Parsonnet, A. E., and Hyman, A S.: Insulin angina. The development of the steno- 

cardia! syndrome following the administration of insulin in diabetics with coronary 
thrombosis. Ann Int. lied., 1930-31,4, 1247. 

253. Padixin, J. £.. Glucose utilization in renal glycosuria Arcjt. Ini. Med , 1926, 37, 88. 

254. Payne, W W Vomiting in diabetic children. Lancet, 1938, 2, 195. 

255. Peck, T B Higher carbohydrate diets in the treatment of diabetes. Am. J. Med. 

Sci , 1936, 192, 697. 

256. Peck, F. B . Approximate insulin content of extemporaneous mixtures of insulin and 

protamine zinc insulin. Ann. Int. Med., 1943, 18, 177. 

257. Peck, F. B • Treatment of uncomplicated diabetes with mixtures of insutin and pro- 

tamine zinc insulin J Ind State Med Ass., 1943, 36, 340. 

258. Pecktiam, C II : Diabetes mellitus and pregnancy. Johns Hopkins Hosp. Dull., 1931, 

49, 184 

259. Pemberton, R : The metabolism and treatment of rheumatoid arthritis. IV. Am. J. 

Med. Sci., 1917, 153, 678. 

260. Pemberton, R., and Foster, G. L : Studies on arthritis in the army, based on four 

hundred cases. III. Studies on the nitrogen, urea, carbon dioxide combining 
power, calcium, total f3t and cholesterol of the fasting blood, renal function. Wood 
sugar and sugar tolerance. Arch. Int Med., 1920, 25, 243. 

261 Peiers, J P . Unpublished studies 

262. Peters, J. P The effect of infection on diabetes and glycosuria. Trans. Conn. State 
Med Sue , 1923, T. 190 

263 Peters, J P * Individualized treatment of diabetes Rhode Island Med. J., 1938, 21, 1 

264 Peters, J P . Starvation diabetes, the reason for the use of glucose in the treatment 

of diabetic acidosis. Yale J Biol. Med., 1945, 17, 705. 

265 Petty, O H , and Stoner, W H.. Respiratory quotient curves in diagnosis of diabetes. 

Am J. Med. Sci , 1926, 171, S42. 

266. Paiujps, A. W • Hypoglycemia associated with hypertrophy of islands of Langerhans. 

J. Am. Med. Ass., 1931, 96, 1195 

267. Pijoan, M , and Zollinger, R. Observations on carbohydrate metabobsm following 

irradiation of the pituitary gland Endocrinol., 1937, 21, 357. 

268 Polak, J D • Present status of the toxemias of pregnancy J. Am Med Ass., 1926, 
87, 226 

269. Powelson, H C., and Wilder, R. M . Innocent glycosuria J Am. Med. Ass., 1931, 
96, 1562. 



CLINICAL 


365 


270. Preble, W. £.: Obesity: observations on one thousand cases. Boston Med. and Surg. 

J., 1923, 188, 617. 

271. Prjesel, R.: t)ber den Einfluss aiuter Infektionen auf den Verlauf des kindlichen 

Diabetes. Z. Kinderh , 1925, 39, 725. 

272. Raab, A. P., and Rabinowitz, M. A.: Glycosuria and hyperglycemia in coronary 

thrombosis. J. Am. Med. Ass., 1936, 106, 1705. 

273. Rabino witch, I. M.: Simultaneous determinations of arterial and \enous blood sugars 

in diabetic individuals. Bril. J. Exp. Path., 1927, 8, 76. 

274. Rabd.ov.ttch, I. M.: Biochemical findings in a rare case of acute yellow atrophy of the 

liver. With particular reference to tie origin of urea in the body. J. Biol. Chem., 
1929, 83, 333. 

275. Raw, E. P., and Shannon, J.: A study of the five-hour dextrose tolerance curve in 

treated diabetic patients. Am. J. Med. Set., 1931, 182, 395. 

276. Ramos, P. 0., AND Martinez, J. P.: Von Gierke’s disease or thesaurismosis glycogenica 

in a child of 20 months. Rev. Es panda , Madrid, 1942, 5, 1942. (Cited in J. Am. 
Med. Ass.) 

277. Randall, L. M., and Rynearson, E. H.: Delivery and care of the nevv-bom infant 

of the diabetic mother. J. Am. Med. Ass., 1936, 107, 919. 

278. Rascoit, H,, Beilly, J. S., and Jacobi, M.: Hypoglycemia of the new-born associated 

with hypertrophy and hyperplasia of the islands of Langerhans. Am. J. Dis. 
Child., 1938, 55, 330. 

279. Rato, L., and Zelson, C.: Disturbance in glycogen metabolism with hepatomegaly 

(von Gierke’s disease). Am. J. Dis. Child., 1934, 47, 808. 

280. Rector, J. M., and Jenxd.cs, R. E.: Functional hypoglycemia of childhood. With 

particular reference to recurrent convulsive manifestations. Am. J. Dis. Child., 
1937, 53, 1012. 

281. Recan, J. F., Westra, J. J., and Wilder, R. M.: Insulin resistance. Report of a case. 

Kew Eng. J. Med., 1940, 223, 745. 

282. Recan, J. F., and Wilder, R. M.: Hyperthyroidism and diabetes. Arch. Ini. Med., 

1940, 65, 1116. 

283. Reideb, W.: Untersuchungsergebnisse fiber verubergehende Glycosurie bei chirur- 

gischen Infektionen und colorimetrische Bestimmung der Wassertoffionenkon- 
zentration. Arch./. Min. Chirurg , 1923, 125, 362. 

284. Richardson, H. B.: The capacity to oxidize carbohydrate as determined by the respira- 

tory quotient. Ergebn. Physid., 1925, 24, 588. 

285. Ricketts, H. T.; Function of liver. An appraisal of the modified dextrose tolerance 

test. Arch. Ini. Med., 1933, 52, 147. 

286. Ricketts, H. T., Becnschtvig, A., and Kaowltox, K.: Diabetes in a totally de pan- 

creatized man. Proc. Soc. Exp. Bid. Med., 1945, 58, 254. 

287. Ritterskamp, P.: Expenmentelle Untersuchungen zum Problem der Storungen des 

Kohlehy dratstoffwechsels bei Diphtherie. Z. ges. exp. Med , 1933, 91, 565. 

288. Robertson, J. D.: The effect of haemorrhage of varying degree on blood and plasma 

volume, on blood sugar, and on arterial blood-pressure. J. Physiol , 1935, 84, 393. 

289. Roe, J. H., and Cowcill, G. R.: The metabolic fate of galactose in adult dogs and 

rabbits. A w. J. Physid., 1935, HI, 530. 

290. Roe, J. H-, and Schwartzman, A. S.: Galactose tolerance of normal and diabetic sub- 

jects, and the effect of insulin upon galactose metabolism. J. Bid. Chem., 1932, 
96, 717. 

291. Roe, J. II., and Schwartzman, A. S.: Galactose tolerance as a measure of liver function. 

Am. J. Med. Sci., 1933, 186, 425. 



366 


CARBOHYDRATE 


292. Roiioui, K., and Thaysen, T. E. IT.: Clinical investigations into the effect of In- 

travenous injection of insulin. VI. The hypoglycemic symptoms in diabetics. 
Acta Med. Stand,, 1933, 80, 528. 

293. Rony, R. Its Observations on ''prediabetes." Endocrinol., 1937, 21, 195. 

294. Root, H. F.: Diabetic coma and acute pancreatitis with fatty livers. J. Am. Med. 

Ass, 1937, 108, 777. 

295. Root, H. F.: The use of insulin and the abuse of glucose in the treatment of diabetic 

coma. J. Am. Med. Ass., 1945, 127, 557. 

296. Root, II. F., and Carpenter, T. M.: Studies of carbohydrate metabolism in cases of 

insulin resistance. Trans. Am. Gin. Qimalol. Ass., 1941, 56, 1. 

297. Root, H. F., and Carpenter, T. M.: The effect of glucose administration In diabetic 

acidosis Am. J. Med. Set., 1943, 206, 234. 

298. Rosenthal, S. M.: Pancreatic function and upper intestinal digestion. A new method 

of study. Arch. Ini Med., 1928, 41, 867. 

299. Ross, C. \V.: Impaired glucose tolerance in certain alimentary disorders of childhood, 

with remarks on their treatment with liver extract. Lancet, 1936, 2, 556. 

300. Ross, C. VV.: Anorexia nervosa with special reference to the carbohydrate metabolism. 

Lancet, 1938, 1, 1041. 

301. Rotky, IL: Uebcr renale und extrarenale Beeinflussung des Elu truckers. Mttnch. 

Med. TVoch., 1924, 71, 544. 

302. Sakagdchi, EL, Matsuyama, T., and Nakayama, M.: BeitrSge xur Diabetesforschung. 

IX. liber die Bestimmung der Zudterausscbeidungsschwelie und den Schwellen- 
n ert des Diabetikers. MiUal. d. Med. Fakult. d. VnitersiUI tu Tokyo, 1924, 32, 61. 

303. Salouonsen, L.: Tcriodisches Erbrecben und Ketonlmle bci Kindem. Untersuchun- 

gen fiber die Wirkung von Kohlenbydratkarcnr und Fettrufuhr bei gesunden 
Kindem und solchen, die an periodischem Erbrecben und KetonSmie leiden. A da 
Paediatnco, 1929-30, 9, Suppl. I. 1. 

304. Scmrr, L., and Senior, F. A : A study of one hundred cases of jaundice with particular 

reference to galactose tolerance. J. Am. Med. Ass , 1934, 103, 1924. 

305. Schmidt, E. G., Eastland, J. S., and Burns, J. H.: Infection and the tolerance for 

dextrose. Arch. Ini. Med , 1934, 54, 466. 

306. Schxumpp, C. A. A.: Ein Umischer Beitrag xur Untersuchung der Lebcrfuoktion bei 

Thyrcotoxikose. Z. tlin. Med., 1936, 129, 95- 

307. Schumacher, H.: Das Verhalten der Blutmilchsaure bei Lcberkranken. Klin. Woch., 

1928,7, 1732. 

303. Schwarz, If , and Kohn, J. L.: Toxic symptoms in infants and children with gastro- 
intestinal manifestations. Am. J. DU. Child., 1921, 21, 465. 

309. Son veers, A.: StSrungen der Kohlehydrat-Stoffwechselregulatlon bei essentieller 

Hypertome. Z. klin. Med., 1933, 134, 239. 

310. Scott, L. D.: The application of specific laevulcse determinations to the laevutose 

tolerance test. Brit. J. Exp. Path , 1935, 16, 489. 

311. S eckel, H. P. G.: Postmortem hepatic glycogcnolysis in hyperinsuhnism and glycogen 

disease. J. Gin, Invest., 1939, 18, 723. 

312. Sexton, D. L , and Neuhoit, I\: Pituitary infantilism with diabetes melktus. Endo- 

crinol , 1936, 2Q, 856 

313. Shay, H , Schloss, E. M., and RodiS, I.: II. The galactose tolerance test in the differ- 

ential diagnosis of jaundice. Arch. Int. Med., 1931, 47. 650. 

314. Shiidon, J. M„ Johnston, hi. \V., and Newbusch, L. EL: A quantitative study ol the 

oxidation of glucose in normal and diabetic men. /. Gin. Incest., 1937, 16, 933. 

315. Sheldon, J. H., and Young, T.: On the carbohydrate metabolism in anorexia nervosa. 

Lancet, 1938, 1, 257. 



CLINICAL 


367 


316. Sisson, W. R.: The neonatal problem in infants of diabetic mothers. J. Am. Med. Ass., 

1940, 115, 2040. 

317. Skinner, P. W., and Peters, J. P.: Studies on the rdieof acute infections on sugar 

tolerance in non-diabetics and diabetic children. (Unpublished ) 

318. Snell, A. M., and Roth, G. M.: The lactic add of the blood in hepatic disease. /. 

Clin. Invest., 1932, 11, 957. 

319. Soderjjng, B.: Behandlung der Zuckerkrankheit im Kindesalter ohne Diateinschrin- 

kungen. Acta Paed., 1935, 18, Suppl. II. 1. 

320. Softer, L. Dantes, D. A., Newbotgher, R-, and Sobotka, H.: Metabolism of 

sodium <f-!actate. II. Utilization of intravenously injected sodium d-Iactate by 
patients with acute diffuse parenchymal injury of the liver. Arch. Ini. lied., 1937, 
60, 882. 

321. Softer, L. J-, Dantes, D. A., and Sobotka, H.- Utilization of intravenously injected 

sodium d-Iactate as a test of hepatic function. Arch. Ini. lied., 1938, 62, 918. 

322. SosDN, S,, Allweiss, M. D., and Mirsky, I. A.: Interpretation of abnormal dextrose 

tolerance curves occurring in toxemia in terms of liver function. Arch. Ini. lied , 
1935, 56, 927. 

323. Soskin, S., and Hyman, M.: Physiologic basis of intravenous dextrose therapy for 

diseases of the liver. Arch. Ini. lied., 1939, 64, 1265. 

324. Soskin, S., and Mirsky, I. A.: The influence of progressive toxemic liver damage 

upon the dextrose tolerance curve. Am. J. Physiol., 1935, 112, 649. 

325. Spence, J.C.: Some observations on sugar tolerance, with special reference to variations 

found at different age3. Quart. J. lied., 1920-21, 14, 314. 

326. Standee, H. J.: A chemical study of a case of chloroform poisoning. Johns Hopkins 

Hosp. Bull., 1924, 35, 46. 

327. Standee, H. J., and Duncan, E. E.: The use of insulin in edampsia. (A preliminary 

report.) Am. J. Ohst. Gynecol., 1925, 10, 823. 

328. Standee, H. J., Duncan, E. E-, and Sisson, W. £.: Chemical studies on the toxemias 

of pregnancy. Johns Hopkins Hosp. Bull., 1925, 36, 411. 

329. Standee, H. J., and Radelet, A. H.: The blood chemistry in eclampsia. Johns Hop - 

kins Hosp. Bull., 1926, 38, 4Z5. 

330. Stedutz, H.: Die Fructosebelastung als Leberfunktionsprlifung. Acta lied. Scand. 

1937, 93, 98. 

331. Stetson, R. P., and Peters, J. P.: Carbohydrate metabolism in a case of hemochroma- 

tosis. Arch. Ini. lied., 1932, 50, 226. 

332. Stewart, C. P., Scarborough, H., and Davidson, J. N.: Some observations on the 

laevulose tolerance test Quart. J. lied., 1938, 7, 229. 

333. Stotle, H., HrascH-KAumiANN, H., and Schadrjch, E.: Freie Diat beim Diabetes. 

lied. Klinik, 1931, 27, 831. 

334. Sucxsdortt, W-: Blood sugar curve in acute hepatitis after injection of epinephrine. 

Finska LakaresSllskapels Handl., 1930, 72, 99, (Cited in J. Ant. Med. Ass., 1930, 
94, 1810.) 

335. Sweeney, J. S., Barshop, N., LoBello, L. C., and Rosenthal, R. S.: Effect of tox- 

emia on the tolerance for dextrose and on the action of insulin. II. Arch. Int. 
Med., 1934, 54, 381. 

336. Sweeney, J. S., and Lackey, R. W.: The effect of toxemia on tolerance for dextrose. 

Arch. Ini. Med., 1928,41, 257. 

337. Takats, G. de, and Cuthbert, F. P.: The effect of suprarenal denervation on the sugar 

tolerance of dogs. Arch. Surg., 1935, 30, 151. 



368 


CARBOHYDRATE 


338. Tatum, A. L,: Alkaline reserve capacity of whole blood and carbohydrate mobilization 

as affected by hemorrhage. 3. Bio'. Client., 1920, 41, 59. 

339. Tiiaddea, S.: Obcr Stoningen im GesarotlohlehydratstofTwechsd bcim Morbus Addi- 

son and ihre Bcrinflussung durch das Ntbcnnierenrindenhormon. Klin. Week , 
1935, 14, 295. 

340. THALntiiFB, \V.: Insulin and glucose treatment of excessive vomiting of pregnancy. 

3. Am. Med. Ass., 1924, 82, 696; Stiff. Gynecol. Obsl., 1924, 39, 237; Am. J. Obsl. 
Gynecol., 1925, 9, 673. 

311. Thaysen, T. C II.: Ten cases of idiopathic steatorrhoea. Quart. J. 2 fed., 1935,4, 359. 
342. Thomsen, V.: Das Trauma und der Kohlcnhydratstoffwecbsel. A eta Sfed. Stand., 
1936.Suppt.T8.918 

343 Thomsen, V : Studies of trauma and carbohydrate metabolism with special reference 
to the existence of traumatic diabetes. A da Med. Scand., 1938, Suppl. 91. 

344, Thorn, G. \V., and Clinton, M , Jr.: Metabolic changes in a patient with Addison’s 

disease following the onset of diabetes mellitus. /, Clin. Endocrinol., 1943, 3, 335. 

345. Thorn, G. W., Koeit, G. F., Lewis, It. A-, and Olsen, E. r.: Carbohydrate metabo- 

lism in Addison’s disease. J. Clin Incest., 1910, 19, 813. 

346 TrUAREN, J , and Ingolf, K.< IXlhe Morgendosen bei der Insulinbehandlung. Ada 
Med. Scand , 1934, Suppl. 59, 138. 

347. Tisdall, F T , Brown, A , Drake, T. G. II., and Cody, M. G.: Insulin in the treat- 
ment of malnourished infants. Am 3. Dis. Child., 1925, 30, 10. 

3 18 Tisdall, F. T., Drake, T. G. II , and Brown, A. : The carbohy drate metabolism of the 
marantic infant. Am. J. Dis. Child , 192S, 30, 829. 

349. Tisdall, F. F., Drake, T. G. II., and Brown, A.: The carbohydrate metabolism of 
infants with diarrhea, infections and acute Intestinal intoxication, with a note on 
the use of insulin. Am. 3. Dis. Child , 1925, 30, 837. 

350 Titus, P.: Hyperemesis Gravidarum. Treatment by intravenous injections of glucose 
and carbohydrate feedings. 3. Am. Med. Ass , 1925, 85, 488. 

351. Titus, P., Willetts, E. W., and Light-body, II. D.: V. Fluctuations in blood sugar 

during eclampsia; Report oC additional cases. Am. 3. Obsl. Gynecol., 1930, 19, 16. 

352. Tolstoi, E.- Conferences on therapy. Management of diabetic emergencies I. Gen- 

eral treatment. 3 Am Med. Ass., 1940, 115, 454. 

353 Tolstoi, E , and Weber, F. C. t Jr : Protamine zinc insulin- a metabolic study. Treat- 

ment in two cases of severe diabetes by equally and unequally divided diets, with 
comments on criteria for treatment. Arch. Ini. Med , 1939, 64, 91. 

354 Tuman, II J., and Piersol, G. M : The value of alimentary galactosuria in the diag- 

nosis of jaundice Ann Ini Med., 1933, 7, 311. 

355. Turner, K B : Insulin shock as the cause of cardiac pain. Am. Heart 3., 1930, 5, 671. 
356 Underhill, r. P., and Blatherwick, N. R.: Studies in carbohydrate metabolism. 

IV. The influence ol thyToparathyroidcctomy upon the sugar content of the blood 
and the glycogen content of the liver. J Biol. Chem , 1914, 18, 87. 

357. "Unger, 11 • Diabetes and Hepatitis. 2. Min. Med., 1934, 427, 466. 

358. Urmy, T van 0-, Jones, C. M., and Wood, J. C.: A case of diabetes mellitus and fatty 

dianhea due to carcinoma of the pancreas. Treatment with very high carbohydrate 
diet and insulin Am 3. Med. Sci , 1931, 182, 662. 

359. Valentin, F • Ueber den Milchshuregehalt des Blutes. Munch med. Woch , 1925, 

72, 86. 

360 Wachstein, M.* Dioxyaceton und Leberfunktion. Z. hlin. Med., 1935, 128, 530. 

361. Wakefield, E. G., and Greene, C. H - The lactic arid content of the blood and the 
partition of inorganic sulphate in the scrum of patients w ith hepatic disease. Ann. 
Int. Med , 1929-30, 3, 793. 



CLXXJCAL 


369 


362. Walker, H.: The etiology of abdominal pain in diabetic acidosis. Attn. Ini Med., 

1936, 9, 1178. 

363. Waller, D, S.: Observations on the metabolism of carbohydrate. J. Am. Dietetic Ass , 

1932, 8, 119. 

361. Warren, S.: The effect of insulin on pathologic glycogen deposits in diabetes mellitus. 
Am. J. Med. Set ., 1930, 179, 482. 

365. Watson, E. M., and Wharton, M. A.- A comparison of various diets in the treatment 

of diabetes mellitus. Quart. J. Med , 1935, 4, 277. 

366. Waochope, G. M.: Protamine zinc insulin and soluble insulin. Interaction in com- 

bined doses. Lancet, 1940, 238, 962. 

3 67. Waybcrn, E.: Complete insulin resistance in diabetes. Am. J. Med. Sci , 1935, 190, 

157. 

368. Weinstein, A.: Diabetes mellitus and myxedema. Bull. Johns Hopkins Bosp., 1932, 

51, 27. 

369. Wesselow, O. L. V. de, and Griffiths, \V. J.: On the possible rfile of the anterior 

pituitary in human diabetes. Lancet, 1936, 1, 991 . 

370. Whipple, A. 0 , and Frantz, V. K.: Adenoma of islet cells with hyperinsulinism 

Ann Surg., 1935, 101, 1299. 

371. White, P.: Endocrine manifestations in juvenile diabetes Arch. Int. Med., 1939, 

63, 39. 

372. White, P , and Hunt, H : Pregnancy complicating diabetes. A report of clinical 

results. J. Clin. Endocrinol., 1943, 3, 500. 

37 3. Weechmann, E.: Hypertension und Blutzucker. D. Arch klin. Med., 1928, 161, 92. 

374. Wiener, H. J.: Diabetic coma requiring an unprecedented amount of insulin. Report 

of a case manifesting extreme insulin resistance. Am. J. Med. Sci , 1938, 196, 211. 

375. WiERzrCHO^SKl, M.: The limiting rate of assimilation of glucose introduced intrave- 

nously at constant speed in the resting dog. J. Physiol., 1936, 87, 311. 

376. WiERZtJcnowsia, M.: Oxidation of glucose as function of its supply. /. Physiol., 

1937, 90, 440. 

377. Wilder, R. M., Allan, F. N., Power, M. II., and Robertson, H. E.: Carcinoma of 

the islands of the pancreas. Hyperinsulinism and hypoglycemia. J. Am. Med. 
Ass., 1927, 89, 348. 

378. Wilder, R. M., Foster, R. F., and Pemberton, J, de J ■ Total thyroidectomy in 

diabetes mellitus. Endocrinol., 1934, 18, 455 

379. Williams, J. L , and Dick, G. F.: Decreased dextrose tolerance in acute infectious 

diseases. Arch. Int. Med., 1932, 50, 801. 

380. Williams, J. R., and Humphreys, E. M. : Observations on tolerance and rate of utilisa- 

tion of glucose in a scries of individuals exhibiting various degrees of diabetes mel- 
litus. Arch. Int. Med., 1919, 23, 559. 

381. WishnOfsky, M., and Byron, C. S.: Carbohydrate metabolism in hypertension. 

Arch. Int. Med., 1931, 47, 790. 

382. Wishxofsky, SI., and Kane, A. P.: The effect of equivalent amounts of dextrose and 

starch on glycemia and glycosuria in diabetics. Am. J. Med Sci , 1935, 189, S45 

383. Wislicki, L.: Extrainsulare Glykosurie und Diabetes mellitus. (Zur Frage der 

Insulinresistenz bei der Akromegalic.) Z. klin. Med., 1931-32, 119, 745. 

384. Wolff, W. A., Elkinton, J. R., and RnoArs, J. E.: Liver damage and dextrose toler- 

ance in severe bums. Ann. Surg., 1940, 112, 158. 

385. Yannet, H., and Darrow, D. C.: Physiological disturbances during experimental 

diphtheritic intoxication. I. Blood sugar, lactic acid and non-protein and amino- 
acid nitrogen. J. Clin. Invest., 1933, 12, 767. 



370 


CARBOHYDRATE 


II. Hepatic gJy cogenesis and glycogen concentration of cardiac and skeletal muscle. 
Ibid., 779. 

386. Zeckwer, I. T., and Goodell, IL: Blood sugar studies. I. Rapid alterations in the 

blood sugar level of rabbits as a result of intravenous injections of killed bacteria 
of various types. J. Exp. tied,, 1925, 42, 43. 

387. Zuotebuah-Meiniingen, O.: Sthrungen des KoWehydratsloilwcchsds im Vexlauie von 

Gefiisserkrankungen. I. Dcr Einfluss peripherer Geffoserkrankungen auf den 
KoMehydratstoffnechsci. Z. klirt. ift d , 1935-36, 129, 269. 

388 Zuiuemian-Meinzingen, O.J II. StSrungen der KohJehydratstoffwechsels beiro akuten 
Myocardicf&rkt. • Ibid., 2S0. 

389, ZlSKlKD, E . Insulin hypoglycemia in epilepsy. Arch. Neurol. Psych., 1936, 36, 331. 



PART III 

LIPIDS 



Chapter V 


LIPIDS 

The term lipid is applied to a variety of substances that resemble the fats 
in their solubilities and most of which are concerned with the metabolism of 
fatty acids. The substances which will be considered in this chapter have been 
classified in table 11 

THE NATURE, DISTRIBUTION AND FUNCTION OF LIPIDS 
Fats 

Nature. Fats and oils are triglycerides of fatty acids — that is, combinations 
of 3 fatty acid radicals with one molecule of glycerol. The general structure 
of a typical fat is illustrated in I, in which R represents a straight carbon-chain 
of variable length. The fatty acids which have been identified in mammalian 
tissues or secretions and a few others which deserve especial attention are 
listed in table 12. Of these, palmitic, stearic, palmitoleic and oleic make up the 
major portion of all fats. Only traces of the shorter-chained fatty acids are 
found in mammalian matter other than milk. Acids with more than 18 car- 
bons and unsaturated acids other than oleic and palmitoleic also appear only 
in low concentrations. 1 

Inspection of the table reveals at once that no fatty acids with odd numbers 
of carbon atoms are included. It is characteristic of the acids of animal fat 
that all contain an even number of carbon atoms. The shortest odd-carbon 
fatty acids, formic (Ci), propionic (Ca), and valeric (C#), especially propionic 
and valeric, may be formed in small quantities as intermediary products in the 
metabolism of compounds other than fat, especially the amino acids. 

The first 10 acids listed are saturated — i.e., each carbon in the chain, with 
the exception of the carboxyl group, is combined with the maximum number of 
hydrogen atoms. On the other hand palmitoleic and the four succeeding acids 
are unsaturated: that is, two adjacent carbons have lost a hydrogen atom 
apiece and are, therefore, united by a double bond (see I A). Palmitoleic and 
oleic have only one double bond, linoleic has two, linolenic 3, and arachidonic 4. 

The melting points of the triglycerides tend to increase as the carbon-chains 
of their fatty acids lengthen. Stearates and palmitates, for example, are solid 
at body temperature. Fats of unsaturated acids have far lower melting points, 
so that oleates are fluid even at room temperature. In addition unsaturated 

1 The term oleic add may not be altogether precise as it is here used. MiSlican and Brown 
(627a) have presented evidence that most fats contain octadecenoic adds other than oleic. 
Since nothing is known of the significance of these variants, there seems to be no good reason 
to complicate the table or the discussion by trying to indude them. There may prove to be 
an equal number of variants of other unsaturated adds. 
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TABLE 11 

CtASsiricATJos or Lipids 


1. Tint fats end mil, triglycerides of buy acids. 

2. Nitrogen containing lipids, substances of a fat-likc nature, yielding on hydrolysis fatty 

acids or derivatives of fatty acids and containing nitrogen. 

A Phospholipids, nitrogenous lipids containing phosphorus. 

a) Phosphatides, triglycerides in which one fatty arid is replaced by a phosphoric add 

ester. Each molecule contains two molecules of fatty acid to one of phosphoric 
arid. To this group belong lecithin and the cephalins. 

b) Sphingomyelins, like the phosphatides contain both nitrogen and phosphorus, but 

only a single molecule of fatty acid to each molecule of phosphoric acid. 

B. Certbrotidts, substances containing fatty acids, nitrogen and a carbohydrate group, 
but no phosphorus. Of these, at least two members have been identified, phrenosin 
and kerasin. 

3 Vnsaponijiablo materials, having no close chemical relation to fat except similar solu- 
bilities, and no functional relationship except that some members form esters with fatty 
acids. 

A Sterols and Steroids. Compounds having a pcrhydrocyclopentophenanlhrene nucleus. 

a) Cholesterol and its immediate derivatives. 

b) Steroid vitamins and provitamins 

c) Steroid hormones 

d) Bile acids 

B. Other fat soluble vitamins and provitamins. 

a) Carotenes and A vitamins. 

b) Tocopherols and E vitamins. 

c) Naphthaquinones and K vitamins. 

C. Unidentified nonsaponifiable materials 
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acids are more unstable, or chemically more reactive, than the saturated acids. 
The solubility of the fatty acids in aqueous media diminishes as the number of 
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carbons increases: acetic and butyric acids are freely soluble in water, caprylic 
is sparingly soluble, palmitic and the still longer acids almost entirely insoluble. 
Other physical and chemical distinctions between fats are also determined by 
variations in the length and saturation of their component fatty acids. 

If fats are hydrolyzed in alkaline solution the fatty acids become separated 
from the glycerine and combine with the alkali to form salts, which are called 
soaps. The soaps of the monobasic metals, sodium and potassium, are rela- 
tively soluble in water, while the soaps of the dibasic metals, calcium and mag- 
nesium, are quite insoluble. 

Triglycerides of a single fatty acid — e.g., tristearin or triolein — are quite 
uncommon in natural fats. Mixed triglycerides — that is, combinations of 
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glycerine with two or three different fatty acids — are far more common (533). 
In fact, it would appear that in any natural fat the component fatty acids 
distribute themselves as widely as possible among the glycerides. The glycer- 
ides, therefore, have a selective tendency to become heterogeneous. Although 
fat varies in composition from species to species and in different parts of the 
same animal, it consists always of a mixture of numerous fatty acids. It will 
be pointed out later that these distinctions arise from characteristics inherent 
in particular animals and in the different organs and tissues of each animal. 
Nevertheless, they can be modified, within limits, by the nature of the fatty 
acids taken in the diet (256, 41 7, 533, 648). 

Dislribttlion. True fats, triglycerides of fatty acids, appear to be excluded 



TABLE 13 

The Expect op Diet os idl Composition op Depot Tax op Rats, Taken prom Hitmen 
(439)* 



ments and from the literature. The data are not comparabte in all details, because some 
senes of anal>ses are more complete than others 

TABLE 14 


Variations in the Depot Fat or Pics, Taken from Hilditcb (439)* 



* These tables have been selected from data assembled by Hilditch from his own experi- 
ments and from the literature. The data are not comparable in all details, because gone 
senes of analyses are more complete than others. 
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and protein is extremely limited; the capacity of the fat depots is large and 
highly elastic. Furthermore, carbohydrate and protein can not be stored in a 
dry form, but only in solution, retaining with them three or more parts of water; 
fat can be stored in an almost pure state. Fat has also a greater caloric value 
than an equal weight of carbohydrate and protein. A gram of depot fat yields 


TABLE 15 

The Composition op a Number or Characteeistic Fats, prom Hiixutch (439)* 
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3 5 
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C*o a unsaturated 

19.1 


0.3f 

3.1 
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0 3 
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* These tables have been selected from data assembled by Hilditch from his own expert 
ments and from the literature. The data are not comparable in all details, because some 
series of analyses are more complete than others, 
t Arachidonic 


about 9 Calories of energy, while a gram of carbohydrate or protein with the 
water it carries provides only about 1 Calory. 

Fat also serves as a protective cushion for organs and as insulation against 
temperature changes. 

Fatty acids with more than one unsaturated bond apparently can not be 
synthesized by animals. Of these linoleic and arachidonic belong in the class 
of essential dietary constituents which must be provided in the food (151, 
439, 606). 
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Nitre gm-conla ining {or nitrogenous) lipids 
Nature. The nitrogenous lipids can be divided into two chief groups: the 
first, phospholipids, containing phosphorus as well as nitrogen; the second, 
cerebrosides, containing carbohydrate and nitrogen, but no phosphorus. The 
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phospholipids, in turn, can be divided into the phosphatides, which usually 
contain two molecules of fatty acid to each molecule of phosphoric acid, and 
the sphingomyelins which contain one molecule of fatty acid to each molecule 
of phosphoric acid. Two phosphatides have been generally recognized, lecithin 
and cephalin; but recent investigations have shown that there are at least four. 

Lecithin is essentially a triglyceride in which one of the three fatty acids is 
replaced by a phosphoric acid ester of the alcohol base, choline (544). Its 
constitution is illustrated in II, in which Ri and Rj represent fatty acids. In 
native lecithin one of these usually belongs to the saturated series, either pal- 
mitic or stearic, the other is usually unsaturated. Among the unsaturated 
acids which have been identified in lecithin are oleic, linoleic, arachidonic and 
linolenic. 

Cephalitis. It was long held that cephalin was a uniform compound, differ- 
ing from lecithin only in that the base, arainoethanol, was substituted for its 
methylated derivative; choline (544), and resembling it in that each molecule 
appeared to be combined with two fatty acids, Ri and Ri, one of which was 
usually saturated, while the other was unsaturated. Recently it has been 
discovered that cephalin is not uniform in composition: part of it contains 
the amino acid serine, another fraction contains inositol. The heterogeneity 
of cephalin had long been suspected because of the disagreement between 
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calculated and measured analyses of the roost highly purified material (364) 
and its anomalous chemical behavior (84, 198, 314). Finally Folch (312) 
isolated serine from brain cephalin. The amino acid is apparently attached 
to the cephalin molecule by ester linkage through the hydroxy], since both the 
NHj and the COOH groups are free in the intact phosphatide. In addition, 
in another fraction of brain cephalin Folch and Woolley (313, 315) identified 
inositol. An inositol-containing phospholipid isolated from soy bean by 
Woolley (973) was found to contain ethanolamine, one phosphoric acid, tar- 
taric acid, galactose and fatty acids. Among the last oleic, cercbronic, palmitic 
and stearic acids were identified. The compound, which Woolley has named 
lipositol lias, therefore, a much more complex structure than the phaspharides 
hitherto recognized. 

Cephalin is not, therefore, a specific and homogeneous compound like lecithin, 
but a mixture of at least three compounds. If the term cephalin is retained, 
it shoutd be used in the plural. Folch (313) would abandon it altogether, 
substituting for the normal cephalin the name phosphatidyl ethanolamine, for 
the fraction that contains serine, phosphatidyl serine. To these lipositol must 
be added if Woolley’s proposal is accepted. 

There is reason to believe that a- and /9-lecithins and cephah'ns, differing in 
the point of attachment of the phosphoric acid to the glycerol, exist in both 
plants and animals (819). 

In sphingomyelin the glyceride portion of lecithin is replaced by sphingosin, 
combined with one fatty add molecule. The formula generally accepted for 
this compound is shown in II. In some preparations the fatty acid was early 
identified as lignoceric add, C.«H«Oj (544). It is highly probable that Ca 
and C-« acids may be substituted for lignoceric in the sphingomyelin mole- 
cule (819). 

In cere brosides sphingosin is combined with galactose and a fatty acid. Two 
members of this family of lipids have been identified, phrenosin and kerasin, 
distinguished by their fatty acids. The acid of phrenosin was named phreno- 
sinic and received the formula C-tHwOz, placing it among the monoethanoid 
unsaturated acids. Chibnall, Piper and Williams (197), however, have iden- 
tified it as a mixture of a-hydroxy-«-docosanoic, a-hydroxy-M-tetracosanoic 
and «-hydroxy~H-hexacosanoic acids. Likewise, the fatty acid of kerasin, 
previously believed to be lignoceric, has been identified by the same authors 
as a mixture of w-docosanoic, w-tetracosanoic and n-hexacosanoic acids. They 
are inclined to believe that lignoceric acid is a misnomer, the compounds to 
which it has been applied regularly consisting of a mixture of these three acids. 

Miscellaneous and abnormal lipids. Certain other additions to the list of 
lipids have been recently discovered. Among these is a group that contains 
al <Wiydes of the higher fatty acids (10a, 661a). Klenk (512a) discovered in 
the h ra i n 0 f a patient with Tay-Sachs disease large quantities of a substance 
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closely akin to the cerebrosides, containing fatty acids, sphingosine, galactose 
and a previously undescribed organic acid containing nitrogen, which he named 
neuraminic acid. Small amounts of this compound have been identified in 
normal brains. Lipids of unusual character have been found in certain patho- 
logic conditions. From the brain of a patient with Niemann-Pick’s disease, 
Klenk (512) isolated a sphingomyelin in which the sole fatty acid was stearic 
acid. From the lipid accumulations in patients with Gaucher’s disease, a 
cerebroside has been isolated which resembles kerasin in every respect except 
that galactose in the compound is replaced by glucose (91, 225, 385, 513). 

The nitrogenous lipids and cerebrosides are distinguished from fats and other 
lipids and from one another by their solubilities. As a group they are sparingly 
soluble in acetone, a property which facilitates their separation. All are more 
readily miscible with water than are the fats, tending to form stable suspensions 
or colloidal solutions, from which they can, however, be precipitated by salts, 
protein, etc. They are adsorbed with proteins, forming compounds from 
which they are not easily separated. In fact, it is not improbable that in their 
natural state in animals they occur chiefly in conjunction with proteins. Like 
fatty acids they tend to form monomolecular films on aqueous surfaces. They 
also possess the property of “growing and budding” into myelin forms in water. 
They are hydrolyzed into their component parts with comparative ease by acids 
and by lipases. 

Distribution. Nitrogenous lipids are found in all living matter and may, 
therefore, be regarded as essential components of protoplasm. Tissues differ 
from one another in the nature and concentration of the lipids they contain. 
Lecithin and cephalins are quite ubiquitous and, in most tissues, make up the 
major portion of the lipids. The sphingomyelins, although they appear in 
small quantities in a variety of tissues, are chiefly found in brain and nervous 
tissue, where the cerebrosides also predominate. Table 16, from Hunter (465), 
shows the general distribution of phospholipids in the tissues and organs of the 
rat. The cerebrosides are more sharply limited in their distribution, being 
especially plentiful in the white matter of the nervous system. 

Function. Since intracellular fatty acids exist predominantly or entirely in 
phospholipids, cerebrosides and cholesterol esters, it is to be presumed that 
these compounds must provide the fatty acids which are oxidized in paren- 
chymatous cells. At the same time these compounds are so resistant to change 
as to give the impression that they are not utilized solely as sources of fueL 
Mayer and Schaeffer (603) and Terroine (889) found that the concentrations 
and iodine numbers of the fatty acids obtained from comparable parts of ani- 
mals which had been allowed to die of starvation or to reach an extreme degree 
of inanition were quite similar, but differed greatly from those of the fatty adds 
in fattened animals, even when these had been fattened on chiefly carbohydrate 
(889). Furthermore, in every case the concentrations of fatty acid and of lipid 
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phosphorus bore a definite relation to one another. This irreducible minimum 
of fatty acid in the tissues Terroinc (889) named the iUment constant, Uy 
comparing the nature of the fatty acids in this element with analyses of b'pids 
made by others, he concluded that the fatty acid must consist of phosphatides 
resembling in composition lecithin. Mayer and Schaeffer (603) had earlier 
found fatty acid: phosphorus ratios even lower than those in lecithin. Both 
investigations seemed to prove that the lllmcnt constant contains no fat. The 
investigations of Mayer and Schaeffer suggested that in case of need intra- 
cellular phosphatides could be forced to yield one of their two fatty acid radicals. 
Leathes (533) vividly remarked of Mayer and Schaeffer's work: “A picture is 
presented as it were of the emaciated figure of phospholipids persisting at their 
post in the starving cell an immovable part of its protoplasm.” 


TABLE 16 

The Distribution op Pnospnoupms in toe Rat, prom Hunter (465) 



lflA* Rl CZ'tt 

Or WET WRIGHT 


Total phospholipid 

Sphingomyelin 

Brain . 

5.34 ± 0.42 1 

1.25 ± 0.19 

Lung . . 

2. OS ± 0.37 

0.69 ± 0.12 

Kidney. . 

2.70 ± 0.44 

0.48 =fc 0.09 

Spleen . . 

Intestinal tnucosa 

1.40 ± 0.21 

0.33 ± 0.09 

0.32 ± 0.06 

Liver.. 

3.14 ± 0.36 

0.23 ± 0.05 

Intestinal muscle 

0.72 ± 0.08 

0.19 ± 0.03 

Heart . 

1.96 ± 0.28 

0.15 ± 0.05 

Skeletal muscle . . . .... 

0.80 ± O.tO 

0.0S ± 0.01 

Blood cells . 

0.49 ± 0.03 

0.12 ± 0.02 

Blood plasma 

0.18 ± 0.02 

0.03 ± 0.01 


Although Terroine’s theory of the tllmcnl constant has been substantially 
verified by subsequent observers, the phospholipids have not the complete 
immutability that this term implies. In the intestines, liver and blood the 
quantities of lecithin and cephalins and the nature of the fatty acids in them 
can be rapidly altered by diet, the fatty acids approaching the character of 
those which have been ingested (394, 453, 818, 819). On the other hand the 
acids in the lipids of other tissues are far more resistant to change and have a 
propensity to maintain their unsaturaled condition (817, 818, 890, 891). Even 
this constancy is not absolute and is more striking in some tissues than in 
others. The variations, it must be added, appear to affect only the phos- 
phatides, lecithin and cephalins; sphingomyelin and the cerebrosides seem to 
maintain a fixed composition. 

Because they are found in greatest profusion in nervous tissue, it has been 
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generally taught that sphingomyelins and the cerebrosides have specialized 
functions connected with the activities of the nervous system. It has been 
suggested that the cerebrosides serve as insulation for nerves. Neither sphingo- 
myelins nor cerebrosides, however, are confined to nervous tissue. Their 
concentrations in other tissues are so low as to discourage their investigation; 
but there is no reason to believe that they have no useful purpose wherever 
they are found. The apparent constancy of concentration, quantity and 
composition of phospholipids in nerve tissue argue against their participation 
in metabolic processes. There is a slower turnover of lipids in brain than in 
any tissue thus far investigated (687). It is reasonably sure that they are not 
used for fuel, because the brain subsists altogether upon carbohydrate or carbo- 
hydrate derivatives (448, 542, 643). 

The fatty acids of the phosphatides of the intestine, the blood plasma and 
the liver change with great rapidity after the ingestion of fat, approximating 
the character of the fatty acids in the diet (394, 817, 818). The impression 
is inescapable that these compounds act as vehicles for the transportation of 
fatty acids and possibly participate in the metabolism of these acids. To this 
purpose phosphatides would be peculiarly adapted because of their greater 
miscibility in aqueous media. Nevertheless, it is quite clear from their con- 
stant presence in blood plasma that fats can be mobilized, transported and 
deposited as such. 

In tissues other than the liver and intestines, the composition of the phos- 
phatides is more stable (816, 818), as if they played specific rSles for which a 
fixed constitution was essential. Nevertheless, they are not altogether un- 
alterable. By administration of fats with peculiar fatty acids it is possible to 
change their constitution. To one characteristic, however, they adhere with 
great tenacity, the property of seizing and retaining selectively the highly 
unsaturated acids (816, 817, 818). In both liver (578) and tissues (817) it is 
not only the phosphatides, but also these unsaturated essential acids, that 
survive prolonged periods of fasting and constitute the true Ulmtnl constant. 

It is quite widely accepted that phosphatides tend to be concentrated upon 
the surfaces of cells, to which they contribute some of the distinctive features 
of cell membranes (26, 555, 679). The evidence for this view is, however, 
almost entirely inferential: the tendency of lipids in aqueous solution to spread 
over surfaces and to be adsorbed on proteins, the lytic effects of fat solvents 
on the cells of blood and tissues, and the anesthetic effects of many lipid sol- 
vents. It has been claimed that lecithin and cholesterol mutually control the 
permeability of cell membranes. The resistance of the red blood cells to the 
hemolytic action of hypotonic salt solutions and of snake venom is increased 
by lecithin, decreased by cholesterol. Generalizations from experiments with 
snake venom, however, are hazardous, because these involve highly specific 
reactions. When mixed with cobra venom, both lecithin and cephalin lose 
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their unsaturated fatty acid radicles to form lysolecithin and lysocephalin, 
respectively. These compounds, each containing only a single saturated fatty 
acid, are strong hemolytic reagents. Their action is neutralized by cholesterol, 
with which they apparently form combinations (228, 528, 545). The ten- 
dency for the ratio of phospholipid to cholesterol in blood plasma to remain 
constant under the most varied conditions has been ascribed to a mutual an- 
tagonism between these two substances in their action upon membranes that 
necessitates the maintenance of a constant balance. 

Whether the phosplmtides are concentrated upon the surfaces or dispersed 
through the substance of ceils, their segregation in these media provides a 
means by which fatty acids may gain access to or traverse cells. This is par- 
ticularly clearly illustrated in the intestinal absorption of f3ts. Sinclair (811) 
discovered that the iodine numbers of fatty acids of the phosphatides in the 
intestinal mucosa of cats which had recently been fed peculiar fats (cod liver 
oil or coconut oil) differed from those of cats which had received ordinary 
diets, approximating the iodine numbers of the recently ingested fats. 

One highly specialized function was attributed to cephalin by Howell (457), 
the property of combining with calcium (935), and probably with a protein, 
to form thrombin, the factor responsible for the conversion of fibrinogen to 
fibrin (303, 628). ChargafI (191a) has been unable to identify the particular 
type of cephaim involved in this reaction. He has shown that it is not a 
property of all the fractions of cephalin and that phosphatidyl serine at least 
plays no part in it. SUto-Nagy (884a) has recently shown that sphingomyelin 
has an anticoagulant action that can be counteracted by thromboplastin. 
He has, therefore, identified it with antithromboplastin. 

Sterols and steroids 

Nature. The term steroid was proposed by Callow and Young (162) to 
describe compounds which are chemically related to cholesterol and contain a 
hydrogenated cyclopentanophenanthrene ring sj-stem. It therefore includes 
the sterols proper, the bile acids, cardiac aglycones, toad poisons, saponins, 
and the hormones of the sex glands and the adrenal cortex. The term sterol 
should be restricted to those steroids like cholesterol with the characteristics 
o! a monohydroiy alcohol. The central cjTlopcntanoperbydrophenanthrene 
nucleus is represented in III. As perhydro indicates, in its simple form the 
nucleus contains no double bonds, but is completely saturated. 

Distribution. Steroids are so ubiquitous in the biological world that they 
may be regarded as essential constituents of protoplasm. An enormous num- 
ber of variants have been discovered in nature and more have been produced in 
the laboratory. One of the outstanding characteristics of these compounds is 
the extraordinary differences in physiological activity produced by minute 
structural distinctions. This is illustrated by the structural formulae of the 
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members of the group which are represented in this chapter. Here are to be 
found, besides cholesterol and some of its metabolic products, bile acids, the 
antirachitic vitamins D, male and female sex hormones, and the hormones 
of the adrenal cortex. To these could be added, without completing the list, 
the saponins, the glucosides of digitalis, poisons elaborated by certain toads 
and some carcinogenic compounds. 

Large numbers of these compounds are found in the blood and tissues of 
animals and of these the majority can, apparently, be synthesized in the body. 

Functions. The sterol which predominates in animals is cholesterol. Its 
structure is depicted in detail in IV; in no. 2 it is presented in a convention- 
alized abbreviated form which will be used throughout this chapter to illustrate 
the structure of steroids. Unless otherwise indicated, each angle or terminal 
represents a carbon combined with as many hydrogen atoms as its free bonds 
permit. 


m 

it 



Cyclopentanoperhydrophenanthrcnc 

nucleus 

Cholesterol is found in all cells of the body in variable concentrations. It 
can be both synthesized and destroyed in the body. By means of the hydroxyl 
group on Cj it combines with fatty acids to form esters. -It evidently shares 
with phosphatides the property of serving as a vehicle for fatty acids. The 
fatty acids in cholesterol tend to be more unsaturated than those in phos- 
pbatia’es (102). 

The concentrations of cholesterol and phospholipids in the blood plasma 
parallel one another, maintaining a rather constant ratio. This has given rise 
to the impress, an that the two lipids have opposite actions, requiring that they 
be balanced. The only direct evidence for such a. view is found in the ability 
of cholesterol to neutralize the hemolytic effects of lysolecithin and lyso- 
cephalin, to which attention has been called. These reactions are altogether 
too specific to warrant generalizations. The part which cholesterol may play 
in the structure of cell membranes is also largely speculative. Its high con- 
centration in the white matter of the central nervous system has led to the 
suggestion (629) that, with sphingomyelins and cerebrosides, it acts as an 
insulating medium in the myelin sheaths of nerves. 
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Cholesterol appears in high concentration in bile, where it facilitates the 
emulsification and the absorption of fats and other lipids. By combining with 
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fatty adds to form esters, cholesterol partidpates directly in the absorption 
of fat, much as the phosphatides do. 

It has recently been established that cholic acid of bile (see V) is formed from 
cholesterol by the liver, an origin that has been long suspected (88). This 
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is the first demonstration that the cholesterol molecule can be used for synthetic 
purposes. It may be suspected that the steroid hormones will prove to have 
a similar origin. The common configuration of cholesterol and the steroid 
hormones suggests more than a casual interrelationship, and that there may 
be a highly selective metabolism of sterols and steroids all of which may arise 
from a common progenitor. It is natural to assign the ancestral r61e to the 
most widely distributed and least differentiated member of the group. That 
cholesterol and the steroid hormones can be synthesized by animals has been 
established. It has also been demonstrated that certain steroid hormones can 
be modified by specialized activity of the glands of internal secretion and by 
the liver. 

For the D vitamins , steroid derivatives with antirachitic activity, mammals 
and birds are largely dependent upon the external environment. If they have 
any power to synthesize these compounds, it is extremely limited. The com- 
pounds included under the term vitamins D are formed by the action of ultra- 
violet light upon certain provitamins that have the structure of sterols. 

After it had been proven that vitamin D was carried by fats, and particularly 
by cod liver oil, attempts were made to separate and concentrate the active 
principle in these fats and oils. This was discovered to lie not in the fat or 
fatty acid of the oil, but in the unsaponifiable fraction. Further analysis of 
this fraction showed that the vitamin was closely associated with cholesterol. 
Subsequent studies by Hess (422, 424, 425), Rosenheim (757) and others (73, 
409) proved that animal sterols and certain plant sterols could be rendered 
strongly antirachitic by ultraviolet radiation. The active substance was not 
precipitable by digitonin (426, 427, 658, 757) and its potency was destroyed 
by oxidation (73, 756, 772) or saturation (772). Hess, Rosenheim and Windaus 
(428, 757, 758) finally identified the provitamin in plants as ergosterol. This 
sterol has the capacity to absorb ultraviolet light rays of definite wavelengths, 
which correspond to those which are most effective in the treatment and 
prevention of rickets. This property is shared by all compounds that can 
serve as provitamins for vitamin D. 

Activation of ergosterol by ultraviolet light is accompanied by definite 
chemical transformations, among them the loss of precipitability by digitonin. 
The reaction which bestows upon it antirachitic activity involves opening of 
ring B of ergosterol, as depicted in VI (731, 964). In this process not one, but 
a succession of compounds are formed, of which three, lumisterol, tachysterol 
and calciferol are depicted. These three products have been isolated and their 
activities investigated. Only calciferol has antirachitic powers (755). More 
intensive and prolonged irradiation gives rise to degradation products which 
either lack activity (suprasterols) or have toxic properties (toxisterol) (963). 

Although, in the series of irradiation products derived from ergosterol, anti- 
rachitic activity attaches only to calciferol, this is not the only antirachitic 
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sterol known. There arc others derived from different provitamins. Demon* 
stration of the provitamin activity of crgosterol immediately raised several 
questions: how did the cod and other fishes obtain the large quantities of vita- 
min D that were found in their livers; did the fact that most samples of cho- 
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lesterol could be activated by ultraviolet light mean that all contained er- 
gosterol; did the antirachitic effect of ultraviolet light or sunlight upon animals 
(423) indicate that they had ergosterol in their bodies? The difficulties were 
greatly increased when Schoenheimer (780 demonstrated that ergosterol could 
not be absorbed by animals until it had been activated by ultraviolet irradia- 
tion. Early in the investigations of these problems it was found that the 
vitamins from cod liver oil and from irradiated ergosterol differed in their 
antirachitic potency', especially in chicks (934). Bilb (72) before this had 
adduced evidence that fish did not secure provitamins from extraneous sources 
and that the vitamin contents of fish were not increased by irradiation. When 
active material from cod liver oil was finally isolated and subjected to exact 
analysis it was found to differ from comparable products of ergosterol with 
respect to its side-chain which was identical with that of cholesterol. The 
provitamin from which these substances are derived proved to be 7-dehydro- 
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cholesterol (see VI) (137, 403, 810). Traces of this compound are consistently 
•found in conjunction with cholesterol in animals (110, 785, 934, 962), It is 
particularly plentiful in the skin of mammals, which facilitates its exposure to 
light rays by which it may be activated (422, 962). 

It has been presumed that 7-dehydrocholestcrol is derived from cholesterol. 
If it is synthesized by animals, the synthetic powers must vary greatly through* 
out the animal kingdom. In mammals they must be negligible, since these 
animals are dependent for protection against rickets upon exogenous vitamins. 
Geiger and Lassen (350) were unable to heal rickets by irradiating rats unless 
the provitamin was provided in the food. When the rats were kept in the dark 
they were not benefited by inactivated 7-dehydrocholesterol, but their rickets 
healed rapidly when they were given activated 7-dehydrocholesterol either 
subcutaneously or orally. Those fishes whose livers serve as commercial 
sources for vitamin D must have a great capacity, not only to manufacture (he 
provitamin, 7-dehydrocholesterol, but also to activate it without the aid of 
extraneous ultraviolet light, from which they are effectually shielded (72). 

Other provitamins have been discovered which give rise to D vitamins in 
the same manner. In each instance the active vitamin product has the same 
chemical configuration, as far as its ring-structure is concerned; only the side 
chains differ, retaining the form characteristic of the provitamin from which 
each is derived. This is indicated in the general formula for vitamins D in VI. 
(For further discussion of the chemistry of the D vitamins and provitamins 
the reader is referred to Rosenberg (755), Strain (878) and Brockmann (138). 
The physiological activity of these compounds is treated in the chapters on 
Calcium and Phosphorus.) 

In addition to fats, lipids, sterols and fat-soluble vitamins which have been 
identified, tissues and blood are reported to contain a variable amount of ma- 
terial that is extracted by fat solvents, but cannot be saponified (338). It 
therefore does not belong among the fats nor does it contain fatty acids. A 
part of it gives the Liebermann-Burchard color reaction like cholesterol, but 
can not be precipitated by digitonin (129).* Brandt (129) abo recovered from 
extracts of blood, as picrate, a waxlike material of crystalline character. Gard- 
ner and Gainsborough (343) believe the non-sterol unsaponifiable material is 
an artefact derived from grease on stopcocks of separating funnels, condensation 
o/ imparities fevns resgeate sad ftwtt hydcvlysis af sssps; bat their stcw h&s 
not been generally accepted- 

Olhcr fal soluble vitamins. The fat-soluble vitamins A, E and K, though 

•The saponin, digitonin, generally form* an insoluble addition compound with neutral 
steroids which contain an hydroxyl group in position 3 in cis relationship to the angular methyl 
group at carbon 10. There are exceptions to and variations of this rule; but the formation 
of an insoluble digitonide is generally taken as evidence of the presence of a Cr-hydroxyl In the 
cis configuration to the Cij-methyl (787, 878). 
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they are akin to lipids in their solubilities and, therefore, to some extent, in 
their behavior, are so unrelated to other lipids in their chemical structure and 
physiological activities, that they are treated in a separate section. 

THE DIGESTION, ABSORPTION AND EXCRETION OP LIPIDS 

Digestion 

Fats and phospholipids 

The digestion of fat was first intensively investigated by Munk (648, 649,- 
650, 651), who established the fundamental concepts which still prevail. Be- 
cause of their immiscibility with water fats require certain processes in prepara- 
tion for digestion that are not essential for other foodstuffs. The process of 
digestion per se is accomplished by lipases, enzymes which hydrolyze fat into 
its component fatty acids and glycerol. 

Although a small amount of lipase is secreted by the stomach, this organ 
plays a minor r61e in the actual digestion of fat, which is almost entirely per- 
formed in the intestines. It is possible that a small fraction of fat is hydrolyzed 
in the stomach, the liberated acids being converted to soap upon entering the 
duodenum. 

Fat must be liquid at body temperature in order that it may be digested and ab- 
sorbed. Fats composed of saturated fatty acids with long carbon chains (Cjj or 
greater), when fed in pure form, are, for this reason, poorly absorbed (30, 439). 
If tristearate alone is given to animals, a large proportion is lost in the feces; 
but, mixed with enough oleate to render it liquid at body temperature, it is 
absorbed with great facility (439). Kahn (494) and Uhlmann (916) at one 
time proposed, for the treatment of diabetes, the administration of fats con- 
taining acids with odd numbers of carbon atoms because such acids can not be 
converted to ketones. Whether these fats would have served the purpose or 
not, the proposal proved unpractical because their melting points were so high 
that little was absorbed. 

Emulsification. The second prime essential for the absorption of lipids is 
emulsification. This is chiefly effected by the bile, aided perhaps by the small 
amount of soap lormed by gastric lipase. As soon as the contents of the stom- 
ach enter the duodenum they meet the bile and the pancreatic juice, the latter 
contributing digestive enzymes, the former a number of materials that facili- 
tate the digestion and absorption of fats. Bile is an alkaline fluid of the same 
osmotic pressure as the blood, but with a highly specialized composition. 
Sobotka (835), from an extensive review of the literature, has estimated that 
the average human secretes about 15 cc. of bile per kilo of body weight per day. 
The dog, cat and sheep secrete comparable amounts; the rat, rabbit and guinea 
pig secrete larger volumes, increasing in the order named. The constituents of 
bile which are of most immediate concern are bile acids, fats and lipids. The 
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concentration of these components in human bile, taken from Sobotka, are 
shown in table 17. In addition to the compounds listed, a fraction of the fatty 
acids exists as soaps. To these bile owes much of its emulsifying power. 

ITom the table it is evident that bile contributes no small increment to the 
lipids which enter the intestine in the food. If the average adult pours into 
the duodenum a liter of bile a da}', this will contain at least 2 grams of bile 
acids and 0.5 gram of chotesterol, with smaller quantities of fatty acids and 
phosphatides. These are minimum figures; the actual amounts of these sub* 
stances discharged into the gut by the average adult arc probably at least 
twice as large. So far as can be determined the major portion of the biliary 
lipids are not chemically distinguishable from the lipids of the food and are not 
differently treated by the intestine. There is, consequently, a continuous 
circulation of lipid materials from the liter into the bile, thereby to the intestine, 


TABLE 17 

The Composition or Human Bile, after Sobotka (835) 


couroMNts 

eu pm loo cc • 

Total lipid . . . 

0 M to 0.42 

Fatty acid . 

0.02 0.14 

Neutral fat . . 

0.01 0.30 

Phosphatides . . 

0.05 0.06 

Cholesterol ... 

0.05 0.17 

Bile acids . . . 

0 20 1.80 


•The great variations in concentrations may arise'partly from 2 causes: (1) the variable 
admixture of concentrated gall-bladder and dilute hepatic-duct bile, (2) the influence of 
hepatic or biliary duct disease. 


where it is reabsorbed to be carried again to the liver to be excreted once more 
in the bile. 

Emulsification of the fats, promoted not only by the soaps, but also by the 
phosphatides of the bile, permits the hydrolyzing enzymes, lipases, of the 
pancreatic juice and intestinal secretions access to the finely divided particles 
of fat. These enzymes separate the fatty acids from the glycerol of fat and 
phosphatides. In addition to its services as an emulsifying agent, it has been 
suggested that bile activates the lipases; it seems more likely that it facilitates 
the action of the enzymes. If bile is excluded from the intestines, excessive 
amounts of fat are excreted in the feces; but, if pancreatic secretion still con- 
tinues, a large proportion of the fecal fat will consist of free fatty acids and soaps 
(320, 644, 898). The fatty acids which are liberated by the hydrolysis of fat 
are largely converted to soaps by the alkali of the intestinal secretions. 

The direct absorption of fat without preliminary hydrolysis seemed to be ex- 
cluded by the classical experiments of Munk (649). Recent experiments of 
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Frazer (322), by new methods, have, however, again opened the question. 
Frazer discovered that certain particles visible in blood under dark field il- 
lumination, which he identified as free fat, multiplied rapidly in the systemic 
blood, but Jiot in the portal blood, after oral administration of olive oil. When 
an equivalent amount of oleic acid and glycerol was given, on the other hand, 
the particles multiplied in the portal, but not in the systemic blood. The 
lacteals of the intestine also took on a milky appearance after the oil, but not 
after fatty acid. Finally, when fat stained with Sudan III was fed, the fat 
depots became stained with the dye; whereas, when Sudan III was given with 
fatty acid and glycerol, they did not. Instead the liver became stained. 
Frazer concluded that a certain amount of fat is absorbed directly without 
other preparation than emulsification. This fraction enters the lymph-chan- 
nels by which it is taken to the systemic blood, short-circuiting the liver, to be 
laid down in the fat depots. The fraction which is hydrolyzed in the intestines 
enters the portal blood stream by which it is taken directly to the liver to be 
subjected to metabolic transformations. 

The phosphorylation of fatly acids. Whether fat can be absorbed without 
preliminary hydrolysis or not, a large proportion is hydrolyzed and absorbed as 
fatty acids. The experiments of Sinclair (811, 812) cited above indicate that 
a fraction of the fatty adds becomes phosphoiylated to form phosphatides. 
Eight hours after cats had been fed elaidin, Sinclair and Smith (824) found that 
one-third or more of the fatty acids in the phospholipids of the intestinal mu- 
cosa was composed of elaidic acid.* When radioactive sodium phosphate was 
fed to rats with olive oil by Artom and his associates (19) the lipids of the intes- 
tines contained a large proportion of the P K . Similarly, when Cavanagh and 
Raper (168) gave linseed oil in which the fatty acids were labelled with deu- 
terium, D 2 was recovered in the phosphatides of the intestinal wall. A certain 
proportion of the fatty acids released in the process of digestion of fat are, 
therefore, phosphorylated in the process of digestion, appearing in the cells as 
phosphatides. 4 

it seems unlikely that tbe phosphatides are formed in the intestinal lumen, 
since this would require that the other components of these compounds, phos- 
phoric acid, glycerol and the organic base, would have to be provided by secre- 
tion. Instead they are probably synthesized in the intestinal mucosa as the 
fatty acid enters or after it has entered. Fries, Ruben, Perlman and Chaikoff 
(331) demonstrated that after administration of olive oil by mouth, the phos- 

* Elaidic add is a geometric isomer of oleic add, but has a higher melting point than the 
latter. 

* Verzir (922), as evidence of phosphorylation, lays emphasis upon the fact that absorption 
is impaired or inhibited by monoiodoacetic add. Since this drug is so toxic that it completely 
disorganizes the ahsorpth e processes, delaying the absorption of e\ en saline (514), this has 
little significance. 
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phatides of the intestinal mucosa picked up P” from radioactive inorganic 
phosphate with great speed, even if the latter was injected intravenously. If 
the locus of phosphatide formation is at the surface of or within the mucosal 
cells, the fatty acid must be absorbed either as soap or in combination with bile 
or cholesterol. The mucosal cells must also be able to form, or at least to 
provide, the necessary glycerol and organic base. 

The absorption of fatty acids is also facilitated by bile acids, with which they 
appear to form combinations. Jeker (478), by means of differential stains, 
observed that during the early stages of the absorption of fat only fatty acids 
were seen in the intestinal mucosa. These later gave way to fat until this 
dominated the picture completely. Jeker inferred that latiy acids were ab- 
sorbed as complexes with bile-acids, and from these were built up into fat in 
the cells. Fats can be hydrolyzed by pancreatic lipases without the aid of the 
biliary components, albeit less efficiently; but the fatty acids and soaps thus 
formed are imperfectly absorbed in the absence of bile. Oleic acid, placed in 
isolated intestinal loops of dogs by Riegel, Elsom and Ravdin (739), was not 
appreciably absorbed until taurocholic acid was added. Absorption increased 
in proportion to the quantity of taurocholic acid introduced, up to a certain 
optimum, beyond which further additions had no effect. Similar results were 
obtained by Verzdr and Laszt (922). Doubilet and Reiner (245) reported that 
olive oil and oleic acid were absorbed from an ileac loop of a man, even in the 
absence of bile, and that absorption was not affected by small amounts of bile 
acids. Balance studies in obstructive jaundice also indicate that, although 
absorption is greatly impaired, it is not altogether abolished when bile is ex- 
cluded from the intestinal tract. 

Cholesterol esters os vehicles for fat absorption. Another fraction of fatty adds 
appears to be carried in with cholesterol. When Mueller (640) fed dogs with 
thoracic duct listulae free cholesterol, the cholesterol of thoracic duct lymph 
rose, the increment consisting largely of esters. The esterification was shown 
to take place in the intestines, not in the stomach (641). Both esterification 
and absorption were reduced when bile was diverted from the gut, and more 
seriously when pancreatic secretions were diverted. In vitro, pancreatic ex- 
tracts promoted esterification, while intestinal mucosa was inactive. Bile had 
no esterifying powers, but fadlitated the action of pancreatic extracts (641). 
Further reason for believing that fatty acids are absorbed as cholesterol esters 
is found in the fact that the cells of the intestinal mucosa share with those of 
the liver the distinction of containing cholesterol esters. 

Summary. The absorption of fat, then, appears to be accomplished by a 
number of processes. Although it is impossible to exclude direct absorption 
of emulsified fat, this process can not have the importance that Frazer claims 
for it. (For a complete exposition of Frazer’s views see (323).) The evidence 
indicates that the fatty adds from fats and phospholipids that are hydrolyzed 
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can enter the intestinal mucosa by at least three methods: in combination with 
bile acids, as phosphatides or as cholesterol esters. The partition of fatty acids 
among these vehicles may depend upon the nature of the fatty acids themselves. 
When Barnes, Miller and Burr (35) analyzed spectroscopically the intestinal 
mucosa of rats which had been given methyl esters of conjugated fatty acids 
of corn-oil, the phosphatides took up the strange acids only slowly, while the 
neutral fat was transformed with great rapidity. Sinclair and Smith (824) 
found that the phosphatides of the intestinal mucosa were more profoundly 
altered by elaidin than by olein. They concluded that by some provision the 
fatty acids of phosphatides are so selected that the proportions of liquid to solid 
adds in them remain constant. Oleic add could, therefore, be substituted only 
for one fatty acid in the molecule, replacing the liquid unsaturated acid. Elai- 
dic acid, being both unsaturated and solid, could be substituted for the solid 
Saturated as well as the liquid unsaturated acids. In any case the phosphatides 
can carry only certain adds since, in the intestine, as elsewhere, at least half of 
their load is composed of unsaturated acids, for which they appear to select 
preferentially the most unsaturated acids. Reiser (734), from analyses of'the 
intestinal mucosa of swine during the absorption of fat concluded that triglyc- 
erides were not formed in the cells at all. 

Since the digestive lipases hydrolyze phospholipids as freely as they do fats, 
it is generally assumed that these compounds are broken down in the course 
of digestion and their component parts absorbed. Nevertheless, as Sinclair 
(819) has pointed out, there is no certainty that hydrolysis is prerequisite to 
their absorption. 


Sterols 

The problem of the digestion and absorption of sterols is peculiarly baffling 
because animal sterols can be synthesized in the body, are poured into the in- 
testine in the bile, and finally appear to be excreted or secreted by the intestinal 
mucosa (165, 794). It is, consequently, almost impossible to distinguish the 
source of any given molecule in the gut or the body. Further confusion is 
created because, despite the fact that cholesterol is both absorbed and synthe- 
sized, the total quantity in the body can be varied only within narrow limits by 
administration of cholesterol, so accurately are absorption, synthesis and 
destruction attuned. 

Specificity of the absorptive process. Absorption of sterols must involve highly 
specific chemical reactions, with such exquisite discrimination is it conducted. 
A minute difference of configuration may determine whether a given compound 
is assimilated or excluded. Allocholesterol, a mixture of isomers of cholesterol, 
and dihydrocholesterol, a saturated form of cholesterol, are almost or quite 
completely excreted in the feces (781). Osteosterol, a sterol of animal origin 
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closely related to the vegetable sterol, sitosterol, is slightly, but unmistakably, 
absorbed (8 19), while sitosterol is rejected. 

The absorption oj animal sterols from the intestines has been attested by a 
variety of methods (315, 477, 525, 640, 641, 713, 933). The cholesterol in the 
bodies of animals is invariably increased by administration of this compound 
(132, 208, 687, 786, 853). When animals which have subsisted on a cholesterol- 
free diet arc given cholesterol, the whole of the added sterol can not be re- 
covered in the feces (132, 687). It must be recognized, however, that the 
cholesterol found in the tissues in such experiments is invariably too small to 
account for what is apparently retained (637, 786). Either a certain propor- 
tion of the absorbed cholesterol is destroyed or synthetic production of choice 
tcrol is curtailed when a surplus is made available. 

Sterols labelled with deuterium, when given to animals, can be recovered 
in the bile (791). Since the biliary sterols are chemically indistinguishable 
from those in the food, there must be a circulation of cholesterol between the 
intestines and the liver, just as there is a circulation of bile acids. The cho- 
lesterol in the bile is entirely in the free state; normal bile contains no cholesterol 
esters (975). Most of the animal sterol in the food, being derived from cellular 
material is also free. 

Under ordinary circumstances, therefore, cholesterol presented to the di- 
gestive machinery of the duodenum consists almost entirely of free cholesterol. 
Since a considerable proportion of that in the thoracic duct is composed of 
esters, absorption must in\-olve some esterification. Absorption appears to be 
facilitated by the presence of bile, pancreatic secretions (342, 641) and fat (207, 
208) in the digestive mixture. Heinlein (413), by feeding cholesterol to bile- 
fistula dogs, induced a positive balance, from which he inferred that bile was 
not indispensable. Cook (207, 208) found that rats would not absorb cho- 
lesterol unless some fat was given with it.' Mueller (641) could discover in 
digestive juices no enzymes capable of hydrolyzing cholesterol esters; but did 
prepare pancreatic extracts which esterified cholesterol. He also found that 
the cholesterol which entered thoracic duct lymph consisted chiefly of esters. 
This suggests that most of the cholesterol is esteriGed in the intestinal lumen 
by a pancreatic esterase, facilitated by the presence of bile, to be absorbed in 
the form of esters. The stale in which cholesterol is ingested appears not to 
afTed the ratio of free to ester forms in thoracic duct lymph, which remains 
always approximately the same as the ratio in the blood (333, 640, 641). There- 
fore, either a proportion of the ingested cholesterol must be absorbed in the 
free state or else it must be released again in its passage through the intestinal 
wall. Although cholesterol acts as a vehicle for fatty acids and both free and 
ester cholesterol of thoracic duct lymph and blood increase after the administra- 
tion of cholesterol, neither fraction is appreciably affected by giving fat alone 

* Guinea pigs did seem to absorb cholesterol without fat (207). 
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(104, 165, 338). Esterification of cholesterol, therefore, is not utilized par- 
ticularly to facilitate the absorption of fatty acids. It may be surmised rather 
that the fatty acids facilitate absorption of cholesterol. 

Vegetable sterols can not be absorbed by animals (132, 413, 781, 849). When 
Schoenheimer and associates (781) gave rabbits enormous excesses of sitosterol 
the total sterol in their bodies did not increase as it did if only minute amounts 
of cholesterol were given. When the animals were analyzed, moreover, no 
sitosterol was found in the tissues; all was recovered unchanged in the feces. 
When a mixture of cholesterol and sitosterol was given, only pure cholesterol 
was recovered from thoracic duct lymph. 

Absorption of vitamin D. Among vegetable sterols an exception must be 
made of vitamin D; for if this were not absorbed rickets would occur unexcep- 
tionally among herbivorous animals. Nevertheless, the provitamin, ergosterol, 
is absorbed no better than other vegetable sterols are. Schoenheimer (781) 
could not increase appreciably the sterol in the bodies of rats, mice and rabbits 
by feeding them pure ergosterol for long periods. Nor could significant quan- 
tities of ergosterol be detected in the bodies of the animals. The active irradi- 
ated vitamin can, however, be absorbed. The provitamin, 7-dehydro-cho- 
lesterol, is probably absorbable, else it would be impossible to escape the con- 
clusion that this compound can be synthesized by all mammals, since they can 
be largely protected from rickets by irradiation. 

Like other sterols vitamin D requires for its absorption the presence in the 
digestion mixture of a certain amount of fat and bile. Healing of rickets in 
rats was greatly accelerated when Knudson and Floody (516) added 5 per cent 
of fat to a low lipid rachitogenic diet which contained vitamin D. Heymann 
(434) could demonstrate no vitamin D by biological tests in bile-fistula dog? 
which were given viosterol by stomach-tube. Greaves and Schmidt (366), 
however, produced positive calcium and phosphate balances in dogs with bili- 
ary-colic fistulae by giving viosterol with desoxycholic acid, although viosterol 
alone w as ineffective. 

Bile acids, like cholesterol, are partly reabsorbed from the intestines, whence 
they are conveyed to the liver to be reexcreted in the bile. Cholic add in the 
bile appears chiefly in conjugated form, as glycocholic and taurocholic acids. 
It is, however, absorbed in combination with fatty adds and passed on into the 
portal blood as free choh'c acid. Josepbson and Rydin (486) found no con- 
jugated cholic add in the chyle of cows and horses. The conjugated bile acid 
must, therefore, be broken down in the intestine to form fatty’ acid complexes 
of cholic acid, which are again broken down in their passage through the in- 
testinal mucosa, liberating the free cholic acid. 

The transfer of absorbed lipids to the blood stream 

Fats and phospholipids. Unlike other products of digestion, fats are ab- 
sorbed largely into the lymphatics and thence to the thoradc duct, by which 
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they are conveyed directly to the systemic blood stream. Indeed it has been 
rather generally held that all or almost all of the lipids also follow this route, 
only a negligible fraction findings its way into the portal blood. This is, how- 
ever, probably a somewhat exaggerated view. Bloor (92) could detect no 
alimentary lipemia after ligation of the thoracic duct of dogs. Munk (649, 651) 
had earlier showed that as much as two-thirds of the fat fed to a patient could 
be recovered in the chyle of a thoracic duct fistula. Zucker (978) found iden- 
tical concentrations of fat in blood taken simultaneously from the jugular, 
mesenteric and portal veins of dogs which had been fed olive oil. In similar 
experiments Winter and Crandall (970) could demonstrate no consistent differ- 
ences in the concentrations of fatty acid in portal and arterial blood. Winter, 
Dolah and Crandall (971) report that in dogs with Eck fistulae, although fats 
and lipids are absorbed quite normally, the total fatty acids and cholesterol 
of the systemic blood in the postabsorptive state are lower than usual and rise 
less after a fatty meal. 

Although it appears to be established by these experiments that the lym- 
phatic system receives the major part of the fat absorbed from the intestines, 
the passage of a portion of the lipids into the portal blood can not be excluded.* 
It might be expected that those lipid materials which are most soluble and 
diffusible would be taken into the blood, while the least soluble would enter 
the lymph. Frazer’s (322) observations, described above, support this hyputh- 
esis. The visible fatty particles from digested fat increased in the systemic, 
not in the portal blood. Hughes and Wimmer (461) could detect no butyric 
acid in thoracic duct lymph of animals which had received butter fat, Criscoor 
tributyrin. They concluded that butyric acid, like other water-soluble sub- 
stances, passes directly into the portal blood-stream. Short chain fatty acids 
can not be incorporated into either neutral fat or phosphatides. Cholic acid, 
liberated from complexes with fatty acids, being soluble, is absorbed into the 
portal blood stream, from which it is rapidly removed by the liver (486). The 
fatty acids with which it was combined must either be recottt erted to fat or 
transferred to phospholipids in the intestinal mucosa, before they are ad- 
vanced to the lymph or the blood stream. Studies of Mueller (640, 641) and 
Frfilicher and Sullmann (333) indicate that both cholesterol and its esters go 
chiefly into the lymph. The concentration of cholesterol in the systemic blood 
rises after oral administration of this compound (16, 338, 618, 886). After 
feeding cholesterol to cats and dogs, Shillitto, Bid'vell and Turner (805) found 

•Arguments based on the concentrations of lipids in blood and thoracic duct lymph are 
somewhat dangerous because of the differences in the rate of flow of fluid in the two channels 
It is well established that monosaccharides ate absorbed chiefly into the blood of the portal 
vein Nevertheless, Tay and Wharton (293) have pointed out that, after peroral adminis- 
tration of galactose, the concentration of sugar may rise higher in the slowly moving chyle 
of the thoracic duct than it does in the more rapidly travelling portal blood. 
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practically identical concentrations of cholesterol in samples of blood taken 
simultaneously from the carotid artery, the superior vena cava and the inferior 
vena cava. Nevertheless, the passage of some cholesterol into the portal blood 
can not be excluded. Incomplete absorption from the gut and rapid removal 
from the blood, especially by the liver, make it difficult to trace the course 
of the compound. Furthermore since portal and systemic bloods are even- 
tually mixed, a substance could be gradually introduced into the former without 
creating an appreciable concentration gradient in the hepatic circulation. 

For the phosphatides to enter the portal blood would be peculiarly appro- 
priate in view of their distribution and function. Wien fats are given with 
radioactive phosphate (19) or labelled with deuterium (168) the tagged phos- 
phatides are found in highest concentration in the liver. These observations, 
like those of Frazer (322), indicate that phosphatides are selectively removed 
by the liver and suggest that they may be conveyed directly to this organ. 
The selective discrimination between fats and lipids with respect to routes of 
absorption can not, however, be as absolute as Frazer believes, since phos- 
phatides as well as fats of thoracic duct lymph increase after administration of 
olive oil (882). Moreover, since the phosphatides rise in systemic blood (18, 
886) and accumulate in the kidneys (19, 168) after a fat meal, some must either 
be conveyed to the general circulation in the thoracic duct lymph, or escape 
absorption by the liver in its first circuit through this organ. 

Artom and Freeman (18) found that the ratio, lecithin :cephalin, in the blood 
plasma of rats rose after administration of olive oil. This thty interpret as 
evidence that lecithin, not cephalin, serves as a vehicle for absorbed fatty acids. 
A similar suggestion has been made by Sinclair (822) and by ChargafF (190, 193). 

The absorption of glycerol has been established. When given alone it ap- 
pears to be converted to glycogen by the liver and utilized like other carbo- 
hydrate (see chapter on Carbohydrate). In addition, since administered fatty 
acids are built into fats and phosphatides in their passage across the intestinal 
wall, the cells of the mucosa must have the capacity to synthesize glycerol. 

The digestion and absorption of lipids summarized 

Fats. After entering the small intestine fats are emulsified with the aid of 
bile, and possibly by a small amount of soap formed from fat hydrolyzed by 
gastric lipase. A part, probably not large, of the emulsified fat may be ab- 
sorbed directly, passing to the lymphatics. The major portion is hydrolyzed 
by pancreatic and intestinal lipases to glycerol and fatty acids. The glycerol 
is absorbed directly and, unless used to form fats again in the intestinal mucosa, 
passes into the portal blood to be converted to glycogen by the liver. Short 
chain fatty adds which are soluble in water also pass directly into the portal 
blood stream. The longer chained fatty acids are saponified. A fraction of 
the soaps may be absorbed directly to be built again into fat or to phosphatide 



in the intestinal mucosa. Among the fatty acids which become phospbatides 
are the more unsaturated. Another fraction combines with cholesterol in the 
intestine, under the influence of pancreatic cholestcrase, to form cholesterol 
esters which are absorbed. A larger proportion combines with cholic acid to 
form complexes. After these have entered the mucosal cells they are broken 
down again, the liberated fatty acids forming fat or phospholipids. The fats 
and phosphatide* resulting from these various processes go chiefly into the 
lymph to be carried by the thoracic duct to the systemic circulation. A portion 
may, however, enter the portal vein. 

Phospholipids. Some phospholipids may be absorbed directly; the major 
part is probably hydrolyzed with liberation of its components. The fatty 
acids then are presumably treated like those derived from fat. 

Cholesterol. Whether it comes from bile or ingesta, cholesterol is estcrified 
by pancreatic choleslerase with fatty acids liberated from fat or phospholipids. 
The esters are then absorbed. Preformed esters may be hydrolyzed in the 
intestine. Cholesterol and cholesterol esters are delivered to the lymph in 
proportions similar to those which arc found in blood. 

Bile acids may be absorbed as such or in combination with fatty acids. In 
the latter case they must be liberated in the cells again, because they enter the 
portal blood as free cholic acid. 

The excretion and formation of lipids by the intestine 

Fats are always present in feces. The amount thus lost is often estimated 
as from 5 to 10 per cent of the fat ingested, implying that fecal fat normally 
represents dietary fat that has escaped absorption. This is probably not the 
case; the fat of stools seems to come chiefly from intestinal secretions. Hill 
and Bloor (443) found that the quantity of fat in the feces of a given individual 
is quite constant and independent of the diet. In fact, it may continue un- 
diminished during starvation. Sperry (841a) showed that dogs excrete fat in 
their feces even after they have subsisted as long as 5 weeks on a lipid-free diet. 
About 6 per cent of the fat was neutral fat, 40 per cent fatty' acids, with a large 
quantity of unsaponifiable lipid material in addition. Angevine (13) found 
that dogs will excrete constant amounts, quite independent of the diet, from 
ileal or jejunal fistulae. Krakower (524) fed 12 persons 4 test diets containing 
different quantities of fats with distinctive characteristics. Although least fat 
was excreted on the extremely low-fat diet, the differences w ere small. The 
iodine numbers of the fecal fats differed but little on the various diets, although 
the iodine numbers of the fats in the diets varied from 8 to 126. More lipids 
were found in the feces of bile-fistula dogs than in those of normal dogs when 
both were given lipid-free diets by Sperry (846). The composition of the fecal 
lipids in both types of dogs was the same. 

By means of ileostomy it was discovered that more lipids were excreted in 
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the small intestines and even in the colon than appeared in the feces (848). 
Evidently secretion and reabsorption of lipids proceed pari passu in the course 
of the intestine. This is implicit also in the observation of Rony, Mortimer 
and Ivy (747) that in fasting dogs the concentration of fat is greater in thoracic 
duct lymph than in blood. Enterostomy and the production of duodenal 
fistulae reduced the lipids in the lymph, as did the production of bile fistulae 
(748). By comparing the lipid content of the intestinal mucosa with the lipids 
of the feces, Sperry (847) concluded that the latter could not originate merely 
from desquamated epithelium. 

The function of the intestines, then, is not confined to the absorption and 
rearrangement of lipids presented to it in the bile and in the food. The alter- 
ation and rearrangement of fatty acids that has been recognized as part of the 
absorptive process continues when the intestine is free from food, the material 


TABLE 18 

Partition or Fat Fount) in Analysis or Normal Human Stools (rsou Fowweathlr (320)) 
Dry matter 4 6 to 38 per cent (average 20 per cent) of total weight of stool 


o™ 

m CIStT OF TOTAL D*T MATTE* 

Minimum 

Minimum | 

Average 

Total fat 

7.3 

28 ' 

17.5 

Soap fat . 

0.5 

11 

4.6 

Free fatty acid 


10 j 

5.5 

Neutral fat 

2.5 | 

12 

7.3 


for these processes, under these circumstances, coming from the blood. A 
proportion of the products escapes into the intestine, of which part may be re- 
absorbed. The intestine is, therefore, to be regarded as an organ in which 
lipids are synthesized. Investigations by Sperry (842) of the state of lipids 
in the feces of normal persons revealed that 40 per cent was in the bodies of 
bacteria, 50 per cent more in the other solids, only a negligible amount in the 
free state. This was equally true in bile-fistula dogs both on lipid-free diets 
and after the administration of lard (846). This suggests that the lipids may 
be lost because they are rendered non-absorbable by attachment to solid parti- 
cles or ingestion by bacteria. 

The partition of fat in the feces of 84 normal adults is shown in table 18 from 
Fowweather (320). 

It has been held that the nature of the soaps formed with the fatty acids 
in the intestines influences the absorption of fats. Especially has calcium had 
the reputation of inhibiting absorption of fat by forming insoluble calcium 
soaps (656). Recent investigations have proved the fallacy of this doctrine, 
as well as the converse, that fat impairs the absorption of calcium. So long as 
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digestive and absorptive functions are intact, the proportions and amounts of 
calcium and fat in the food may be varied widely without disturbing the ab- 
sorption of either. French (325) fed rats diets containing from 5 to 45 per cent 
of fat and 0.9 to 1.4 per cent of tricalcium phosphate. The fat was almost 
completely absorbed in ever}' case and only on the highest fat diet was any 
calcium wasted. Boyd, Crum and Lyman (126) fed to rats calcium salts of 
palmitic, stearic, oleic and butyric acids and mixed soaps from fatty adds of 
lard. To another series of rats caldum was given in soluble form, with and 
without fat. In both series calcium and fatty adds were absorbed and utilized 
efficiently. When, because digestion is impaired, fatty acids are swept out 
in the stools, they may carry caldum out as insoluble soap. Even in this case 
part of the fecal loss of caldum must be attributed to deficient absorption of 
vitamin D (see Steatorrhea, below, and chapter on Calcium). 

Phospholipids are also found in the feces. The intestinal mucosa must have 
the faculty of synthesizing these compounds. If fatty acids that can be iden- 
tified are fed to animals, they can be recognized in the phospha tides ol the 
intestinal mucosa, lymph and blood after a brief interval (697). The phosphate 
for their construction must be derived from the blood. This has been proved 
directly by the identification in the intestinal phospholipids of radioactive 
phosphorus, P M , tint had been injected intravenously as inorganic phosphate 
(331). The intestinal cells must also have the capacity to form glycerol and 
the organic bases that complete the structure of phosphatides. If they possess 
this power it is unlikely that the}’ exercise it solely when exogenous fatty acids 
are proffered to them from the intestinal lumen. The intestines should proba- 
bly be regarded as a locus for the synthesis of phosphatides. Like the fats, 
a fraction of the phosphatides thus formed appears to escape into the intestinal 
lumen, the remainder presumably passes to the lymph or the portal blood 
stream. 

Sterols are always found in the feces, even of animals which have subsisted 
upon lipid-free diets. Cholesterol must, therefore, be excreted into the gut. 
Imhauser (474) recovered in the feces of a person on a cholesterol-poor diet 
more cholesterol than the subject had received. Fecal cholesterol can not be 
derived altogether from bile because the amount of cholesterol in bile falls 
short of the quantities excreted. Gardner and Gainsborough (343, 344) assert 
that diversion of bile from the intestine increases the excretion of cholesterol. 

In the fed animal a variable proportion of the fecal steroid material consists 
of vegetable sterols which have traversed the alimentary canal unchanged. 
The animal sterols of feces are composed chiefly of coprosterol and dihydro- 
cholesterol (see VII), saturated isomers of cholesterol. It has been estab- 
lished by Schoenheimer (781) that neither can be absorbed from the intestines. 
Coprosterol appears to be formed in the colon since Gardner, Gainsborough and 
Murray (344) could not isolate it from the discharges of a terminal ileostomy 
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or a cecostomy. It is probably a product of putrefactive bacteria (223). 
Schoenheimer, Wittenberg and Graft (792), after feeding dogs cholestenone 
containing deuterium, identified the D } in both cholesterol and coprosterol. 

"" Th ey- concluded that cholestenone i9 an intermediary product in the formation 
of coprosterol from cholesterol. Since it has been established that coprostanone 
is regularly converted to coprosterol, they picture the reaction in the following 
manner (10) (sec also VII): 

cholesterol p! cholestenone — » coprostanone —* coprosterol * 

In the feces of bile-fistula dogs Scboenhcimer and Sperry (794) found copros- 
terol and small amounts of dihydrocholestero). The latter is an end product 
of cholesterol metabolism, unrelated to coprosterol, since it is excreted un- 
altered in the feces, when given to animals (222). In addition to these obliga- 
tory waste products stools contain a variable amount of cholesterol, depending 
somewhat upon the nature of the diet. When cholestenone was fed to dogs 
receiving a basal diet of dog biscuit, it was largely converted to cholesterol; 
but when it was given with a diet of meat most of it was excreted as copro- 
sterol (792). 

Vitamin D was demonstrated by Heymann (435) for long periods in the feces 
of dogs which had previously been fed viosterol in oil. Dam and Starup (224) 
found that phytosterol, when injected intravenously, was eliminated by both 
dog and rabbit, unchanged, in the feces. Therefore animals can not absorb, 
utilke nor destroy vegetable sterols, but can excrete them through the gut. 

A part of the cholesterol that enters the duodenum with the food or bile 
may, then, fail of absorption. To this is added, in the course of the intestines, 
cholesterol excreted by the cells of the intestinal mucosa. In its passage 
through the gut much of the cholesterol is converted to coprosterol and dihydro- 
cholesterol. 

Of the bile acids poured into the duodenum, a fraction is not absorbed. 

Urinary excretion oj lipids 

Normal urine is practically free from fats and lipids. The latter can be 
detected in appreciable concentration when there is proteinuria (133, 290, 681). 
There has been some controversy about sterols. According to Gross (379) 
and Gaal (335) cholesterol is not a constituent of normal urine; but Gardner 
and Gainsborough (338) claim that it can be found in minute quantities in all 
samples of urine. Certainly steroids are excreted by the kidney, for the 
estrogenic and androgenic hormones and their derivatives can be demonstrated 
in varying quantities by both biological and chemical methods in the urine of 
normal persons and of persons with disorders of the gonads and the adrenals. 
In fact the measurement of estrogenic and androgenic activity and the quan- 
tities of various ketosteroids in the urine has proved to be a valuable instrument 
in the diagnosis of diseases and disorders of the gonads and the adrenal cortex. 
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THE SYNTHESIS OP LIPIDS 

Fatty acids 

• If animals are given sufficient calories in excess of their subsistence require- 
ments they will grow normally and put on fat on diets that are almost devoid 
of fat, so long as they receive enough of certain essential fatty acids to meet 
minimum requirements (139, 291, 440). Both carbohydrates (291, 301, 576) 
and protein (139, 291, 440) can be used for the production of fat. 

Highly unsaturaled essential fatty acids can not be synthesized. In 1929 it was 
discovered by Burr and Burr (151, 152) and by McAmis, Anderson and Mendel 
(606) that rats, given diets as nearly as possible devoid of fat, do not grow nor 
maintain their weight in the normal manner, and develop integumentary dis- 
orders. Other lesions of a more serious nature have been reported, among them 
degeneration of the kidneys, which may be responsible for the deaths that occur 
(152). These disorders can not be prevented by the provision of adequate 
amounts of the fat-soluble vitamins, A and D (153). They can not be pre- 
vented or relieved by feeding high fat diets containing only saturated fatty 
acids (292). The limiting factor is not the absence of fat per se, but the absence 
of certain highly unsaturated long-chain fatty acids which the rat is unable to 
synthesize. The Burrs (152) early found that the condition of rats on fat-free 
diets was greatly improved by the administration of linoleic acid. Some ob- 
servers claim that arachidonic acid is still more efficacious (909). There is 
general agreement that either (150) or both (462, 839) are essential dietary 
constituents. Claims have been advanced that the disorder resulting from 
fat-free diets is referable to deficiencies of certain B components (463, 560, 576). 
It will be shown later that certain of these components exert an influence of their 
own upon the metabolism of fat. They can not, however, take the place of the 
essential unsaturated fatty acids (291, 293). 

Linoleic and arachidonic acids are indispensable because the)- can not be 
synthesized in the body and without them the tissues can not be provided 
with the unsaturated acids that are essential components of intracellular phos- 
phatides. Bernhard and Schoenheimer (54) could identify no Dj in linoleic or 
triple unsaturated acids of rats which had received fat-free diets and heavy 
water, although D* was recovered in all other fatty acids. Smedley-Maclean 
and Nunn (827) found that unless arachidonic acid was given to rats, fat was 
not laid down in the fat depots of the body. In the discussion of dietary “fatty 
livers” below it will be pointed out that this incapacity to mobilize fat to the 
storage depots is not peculiar to essential fatty acid deficiency, but is encoun- 
tered in all conditions which interfere with the formation of phosphatides 
by the liver. 

Although studies of the fatty acid deficiency' have been conducted largely 
on rats, the inability to synthesize highly unsaturated acids and the need for 
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such acids is not confined to this species. Skin lesions have been reported in 
dogs which have received fat-free diets (395). The pig, according to Hilditch, 
Lea and Pedelty (440) requires linoleic acid. Cows and calves require appre- 
ciable amounts of dietary fat, although a specific need for linoleic acid has not 
yet been proved (150). The development of eczema has been reported in 
infants maintained on diets containing extremely small amounts of fat (150). 
A healthy adult, studied by Brown, Hansen, Burr and McQuarrie (139) re- 
mained apparently sound after subsisting for 6 months on a fat-free diet that 
regularly caused the characteristic deficiency syndrome in rats. Nevertheless, 
the iodine numbers of the total fatty acid in the subject's serum fell from 123 
to 93, the arachidonic acid from 3.2 to 1.9 per cent, and the linoleic from 5.7 
to 3.2 per cent of the total fatty acid of the serum. These acids were, there- 
fore, becoming depleted and, given time enough, evidences of deficiency might 
have appeared. 

The formation of the glycerol moiety of fat from carbohydrate presents no 
conceptual difficulties. Conversion in the opposite direction has been demon- 
strated. Glycerol or closely related compounds have also been identified 
among the intermediary products of carbohydrate metabolism. More direct 
evidence that glycerol is synthesized by the intestines was secured by Freeman 
and Fricdemaan (324). After feeding oleic acid to animals they found that 
the fat in thoracic duct lymph consisted entirely of triglycerides and was 
sufficient to account for the oleic acid which the animals had received. 

Formation oj fatty acids from carbohydrate. Little is known of the reactions 
by which fatty acids may be formed from carbohydrate and the intermediary 
products involved. Short-chain fatty acids appeared to have been effectually 
excluded when Rittenberg, Schoenheimer and Evans (742) failed to recover Di 
from the fat of rats which had received butyric and caproic acids in which 
deuterium had been incorporated. Instead, all the D 2 was found in the water 
of the body fluids, proving that the butyric and caproic acids had been rapidly 
oxidized. Morehouse (639a) found that all the deuterium deposited in fat of 
rats which had received tributyrin containing deuterium could be accounted 
for as unchanged tributyrin which was temporarily deposited in the fat. Rit- 
tenberg and Bloch (739a) identified C 1J in the fatty acids of liver and carcass 
of rats which had received acetic acid containing heavy carbon in both methyl 
and carboxyf groups. The proportions of isotope in the fatty acids indicated 
that the latter are synthesized from acetic acid by successive condensations 
of Cj units. These two sets of observations appear to be contradictory'. If 
the synthesis from acetic acid proceeds in a step-wise manner, it would necessi- 
tate the intermediary- formation of butyric, caproic and other even-numbered, 
short-chain fatty acids, which have been excluded as precursors of the long- 
chain acids of fat. It is possible that these fatty acids are produced by simul- 
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taneous condensation of multiple acetic acid units, much as glycogen seems to 
be formed from glucose. Since Bloch and Rittenberg (90a) have shown with 
the aid of deuterium that butyric acid itself yields acetic acid, it should also 
contribute to the formation of fat in this indirect manner. Failure to detect 
this in the direct experiments with deuteriobutyrate mentioned above (639a, 
742) may have been due to the fact that only a fraction of butyric acid is con- 
verted to acetic acid in the process of oxidation (90a). If the long-chained 
fatty acids of fat are formed from acetic acid, this probably represents the route 
through which carbohydrate is converted to fat, since acetic acid can be de- 
rived from pyruvic acid (90a). It would seem to follow that only 2 out of 
every 3 carbons of carbohydrate contribute to the formation of fatty acids. 

In earlier experiments Stetten and Schoenheiraer (873) identified D 2 in the 
fat of rats which had received cetyl and octadecyl alcohols containing deute- 
rium. This led them to suggest that these higher aliphatic alcohols or the 
corresponding acids might be intermediaries in the formation or transformation 
of fatty acids. Whether these compounds constitute natural or usual steps 
in the synthesis of fat has not been ascertained. 

The formation of fatly acids from protein involves two possibilities. There 
is no reason to believe that carbohydrate derived from protein should not be 
quite as susceptible as any other carbohydrate of conversion to fat. It follows 
from the structure of the amino acids, on the other hand, that the deaminated 
moiety of protein which does not form carbohydrate must have the character- 
istics of short-chain fatty acids which can not be built up into the long-chain 
fatty acids found in fat. There is no reason to believe that they can be better 
utilized for this purpose merely because they are derived from amino acids. 
The evidence now available would seem to indicate that only those deaminated 
residues of protein that are converted to carbohydrate or acetic acid in the 
process of metabolism can be used to form fat. 

Saturation and desaturation and transformation of fatty acids. Fatty acids 
may be both saturated and unsaturated in the body, but the endogenous 
powers of desaturation are limited to a single bond. In the bodies of mice, to 
which Schoenheimer and Rittenberg (741, 789) gave diets of whole wheat bread 
with heavy water, Dj was recovered from the fats. There was somewhat more 
deuterium in the saturated than in the unsaturated acids, suggesting that the 
former were produced first, while desaturation was a secondary process. Never- 
theless, by feeding various acids labelled with deuterium it was demonstrated 
that fatty acids may be both saturated and desaturated in the body. On the 
other hand, in similar experiments by Bernhard and Schoenheimer (54), no 
deuterium could be detected in linoleic acid. 

In addition, such transformations as the interconversion of stearic and 
palmitic acids have been demonstrated by similar methods (55, 740, 788, 789, 
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790, 872), To ibis extent exception must be made to the general rule that 
short-chain fatty acids do not contribute to the formation of long-chain fatty 
acids. 

. The site of fat synthesis. Like most synthetic processes involving the utili- 
zation of intermediate metabolic products, the formation of fat has usually been 
ascribed to the liver. Although the liver is probably the chief site of fat pro- 
duction (439), the fat cells themselves also seem to have synthetic powers. 
In the experiments in which Schoenheimer fed rats carbohydrate and heavy 
water Dj was taken up more rapidly by the fatty acids of the liver than by 
those of the fat depots. More than half of the hepatic fatty acids were syn- 
thesized within one day, while it took a week to effect an equivalent transform- 
ation of the depot fat (55, 783). Nevertheless, Tuerkischcr and Wertheimer- 
(907) have shown that if, after rats have been starved or given inadequate 
diets long enough to exhaust their stores of fat, they are realimented with high 
carbohydrate diets, glycogen is initially deposited in the fat cells. Only after 
an interval has elapsed does the glycogen gradually disappear, giving way to 
fat. If high fat diets are used, instead of high carbohydrate, there is no initial 
deposition of glycogen; fat appears in the cells from the outset. Under these 
circumstances there is no need for glycogen, since fat is not manufactured from 
carbohydrate, but provided preformed in the diet. More recently Mirski (630) 
has shown that, during the synthesis of fat from carbohydrate, the respiratory 
quotient of isolated fatty tissue exceeds 1.00. 

Formation of fat from carbohydrate a continual metabolic process. The con- 
version of carbohj drate to fat has been traditionally regarded as an unusual 
process, tailed into play only when the diet contained great excesses of carbo- 
hydrate that could not be utilized by more direct channels. It was conceived 
that carbohydrate was only used for the formation of fat when i t was given in 
quantities that exceeded the caloric needs of an animal. So limited is the 
storage capacity of the body for carbohydrate as glycogen that the well fed 
animal could not spread the utilization of dietary carbohydrate over the inter- 
vals between feedings if some of it were not routed through fat. Stetten and 
Boxer (116a, 870a) have recently shown with the aid of deuterium that con- 
version of carbohydrate to fat is a normal pathway of metabolism, continually 
used The proportions of carbohydrate routed through fat and glycogen 
respectively seem to be determined by’ the stale of the glycogen stores and the 
demand for immediate combustion of carbohydrate. In the well fed animal 
the major part of a dose of glucose may be used to form fat; while, in the starved 
animal glucose goes predominantly’ to form glycogen. 

Phospholipids and cerebrosides 

It follows from what has been said of the synthesis of fat that the fractions 
of phospholipids composed of glycerol and fatty acids, with the exception of 
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the highly unsaturated acids, can be synthesized. The last must be derived 
from exogenous sources; but, if available, can be utilized to form phosphatides 
as well as fats. The carbohydrate fractions of glucosides could also be derived 
through recognized processes of carbohydrate metabolism, though the reactions 
by which they enter lipid linkages are unknown. 

The derivation of phosphatides. It has been demonstrated repeatedly that 
animals can develop in the normal manner if their only source of phosphorus 
is inorganic phosphate (370, 608, 705) and that their tissues contain normal 
amounts of phospholipids. Perlman, Ruben and Chaikoff (697) fed fasting 
rats sodium phosphate containing the radioactive isotope P 32 , with and without 
cod liver oil. P a was rapidly incorporated into phosphatides in the intestinal 
mucosa when cod liver oil was given. Maximum concentrations were reached 
in the liver in a short time and considerable quantities were taken up by the 
kidneys. These organs and other tissues, with the exception of the intestines, 
contained almost as much phosphatide-P 32 , when oil w'as not given as when it 
was. Having reached a peak in the intestines and liver the concentration of 
phosphatide-P 32 in these organs began to decrease quite early, while in the car- 
cass as a whole it increased continuously, but at a diminishing rate. Fhos- 
phatides, therefore, appear to be formed in the intestine during the absorption 
of fat. In addition they are built out of fat and inorganic phosphate in the liver 
and maybe in the kidneys. From the liver they seem to be distributed to other 
organs. Fries, Schachner and Chaikoff (332) have reported that when slices 
or emulsions of brain or peripheral nerve are incubated with potassium phos- 
phate containing radioactive phosphorus, P” finds its way into the phospho- 
lipids. This they interpret as evidence of synthesis of phospholipids in nervous 
tissue. It proves, however, only that phosphorus of phospholipids is exchanged 
with phosphorus of inorganic phosphate. This process was accelerated by the 
addition of glucose, fructose and mannose, in the presence of oxygen (769). 
It is suggested that these sugars gain their effect by increasing the oxidative 
energy in the system. 

The origin of the nitrogen bases in the phosphatides is discussed in more detail 
in connection with the production of fatty livers and the function of choline 
below, buj deserves brief mention at this point. Chargaff and Keaton (192) 
found less P 32 in cephalin and lecithin of rats which had received aminoethyl- 
phosphate containing the isotope than in rats which had received labelled in- 
organic phosphate. Apparently, therefore, aminoethylphosphate can not be 
utilized directly for the formation of cephalin. Stetten (868) fed adult rats, 
ethanolamine, choline, glycine, betaine and ammonia, each containing heavy 
nitrogen. After 3 days, when the animals were killed, the choline and ethanol- 
amine in their phosphatides had been largely replaced by dietary choline and 
ethanolamine. Therefore, ethanolamine can be used, even if the phosphate 
can not. After administration of ethanolamine both choline and ethanolamine 
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contained heavy nitrogen; but after choline no isotope was found in ethanol- 
amine. Ethanolamine, then, can form choline, the methyl radicles being 
secured from some other sources such as methionine (see also chapter on Amino 
Acids) ; but choline can not form ethanolamine. G lycine was peculiarly active 
in forming ethanolamine, while betaine was largely converted to glycine. 
Stetten concluded that betaine probably contributed methyl for the formation 
of choline, nevertheless. Subsequently (869) he demonstrated this more di- 
rectly by further experiments with isotopic compounds. He has, therefore, 
proposed the following scheme to represent tire formation of these compounds 
(see also II): 

Betaine — * glycine — * ethanolamine — » choline 
V / 

methyl — » methyl 

Sphingomyelin appears in relatively low concentration in the liver; there is 
somewhat more in blood plasma and in other organs. Hunter and Levy (466) 
found that it accounted for only 6 per cent of the lipid phosphorus of the liver 
of rats, but nearly 25 per cent of the lipid phosphorus of the spleen and kidneys. 
When inorganic phosphate containing radioactive phosphorus was given to the 
animals, P a entered sphingomyelin in the liver more slowly than it entered 
other phospholipids; while in the spleen and kidneys it entered all the phospho- 
lipids at about the same rate. From such experiments it is impossible to make 
any deductions about the synthesis of phospholipids. They do indicate, how- 
ever, that the activity of sphingomyelin is relatively greater in the spleen and 
kidneys than in the liver. 

Sterols 

The synthesis of sterols by animals has been repeatedly demonstrated. Dam 
(221) recovered from the bodies and excreta of chicks which were fed sterol- 
poor diets, more cholesterol than could have been derived from the eggs out of 
which they came plus the food they had received. Imhauser (474) found more 
sterol in the feces of a normal subject than in the diet which he had consumed. 
Rittenberg and Schoenheimer (741) recovered from the cholesterol of mice 
which had drunk heavy water D } in proportions that indicated that one-half 
of the hydrogen atoms in cholesterol were replaceable. Waelsch, Sperry' and 
Stroganoff (936) identified deuterium in the non-saponifiable lipid fraction 
of the brains of rats that had been given heavy water to drink. The sterols 
took up more Dj when myelinization was proceeding rapidly. 

Although animals can derive cholesterol both by synthesis and from food, 
the quantity of cholesterol in their bodies can be influenced to only a limited 
degree by dietary measures (687, 786).* Synthesis of cholesterol must be 

7 The rabbit is an exception to this rule 
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reciprocally related to absorption, or else destruction must be directly related 
to both synthesis and absorption (786). 

The derivation of cholesterol. Although more sterols are produced on high 
fat than on low fat diets, fatty acids can not be used directly for the synthesis 
of cholesterol. Eckstein (257, 258, 259) found that the quantities of cholesterol 
in the bodies of rats on sterol-poor diets varied directly with the amounts of fat 
fed. Nevertheless, Stetten and Schoenheimer (873) identified no deuterium 
in the cholesterol of rats that had received labelled cetyl and octadecyl alcohols, 
although these alcohols were used for the formation of fatty acids. The con- 
centration of deuterium in cholesterol of rats that had received heavy water was 
so high that Rittenberg and Schoenheimer (741) concluded that cholesterol 
must be composed by the coupling of small molecules, possibly compounds 
produced in the intermediary metabolism of fat and carbohydrate. From the 
unsaponifiable fraction of yeast grown on a medium containing dueteroacetate, 
Sonderhoff and Thomas (839) recovered so much Dj that they were forced to 
conclude that acetic acid was directly converted to sterols. With these experi- 
ments in view Bloch and Rittenberg (89) fed sodium acetate containing deu- 
terium to mice and rats. The quantities of D* in the sterols of the animals left 
little room for doubt that acetic acid can serve as one of the building blocks of 
cholesterol. The deuterium appeared in both the nucleus and the side chain 
(90). The reactions by which cholesterol is built up were not ascertained, but 
evidence was adduced that propionic, butyric, succinic, pyruvic and acetoacetic 
acids are not involved in the process. More recently Bloch and Rittenberg 
(90a) have shown that all compounds which yield acetic acid in the course of 
their metabolism contribute to the formation of cholesterol. 

Bile acids and hormonal steroids can also be manufactured endogenously. 
Because of their general structure and close chemical relationship it has long 
been suspected that all these compounds have a common origin from cholesterol ; 
but there has been nothing but inferential evidence to support such a hypoth- 
esis (302, 835). Bloch, Berg and Rittenberg (88) have recently demonstrated 
with the aid of isotropes that cholic acid arises from cholesterol. It seems 
more than a coincidence that not only the liver, but also testes and adrenals, 
in which steroid hormones are synthesized, are especially rich in cholesterol 
esters. This suggests that esterification of cholesterol is an essential step in its 
transformation. 

The fat-soluble vitamins can not be synthesized in appreciable quantities 
de novo by mammals, but they are largely elaborated from provitamins after 
the latter have been absorbed. This appears to be true even of vitamin D, 
when it is derived from 7-dehydro-cholesterol. 

The place of acetic acid in metabolism 

A chapter on lipids may not seem an altogether appropriate place for a dis- 
cussion of acetic acid. Since it has proved to be the material from which fatty 
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acids and cholesterol are formed and a product of fat metabolism as well, it can 
not be neglected. Because no appreciable quantities of acetic acid can be 
demonstrated in body fluids or tissues, it has been generally held that it plays 
no significant part in normal metabolism. It has, indeed, been suggested, 
from time to time, that concepts of certain reactions— for example, acetylation 
and ketogenesis — would be simplified if the intermediary formation of acetic 
acid were not excluded. But something more than convenience was required 
to establish its position. Evidence has now been adduced that acetic acid 
may be formed from pyruvate in the course of carbohydrate metabolism (see 
chapter on Carbohydrate); that acetic acid, formed in the oxidation of fatty 
acids, is the precursor of acctoacclic acid (see below) ; that fatty adds of fat are 
synthesized by condensation of acetic acid; that acetic acid is used in the manu- 
facture of cholesterol; and that acetic acid is a general acctylating agent (90a). 
Tar from being a negligible factor in biological reactions, it appears to be one 
of the most active of all compounds. It is, presumably, this very reactivity 
that lias made it so elusive. It occupies a position analogous to that of am- 
monia. Although It is continually produced from a variety of sources, it is as 
continuously utilized for other purposes. Consequently, it never accumulates 
in detectable quantities in the organism. For this reason direct measurement 
of acetic acid in body fluids and tissues may, like that of ammonia, prove of 
little value, in spite of the great importance of the compound. 

TRANSPORTATION OF LIPIDS 

The slate of circulating liptds 

Dispersion. In order that insoluble lipid materials may be conveyed in an 
aqueous medium there must be some special provision to maintain them in 
suspension. Ihe plasma of normal animals in the postabsorptive state is a 
dear limpid solution and retains this state indefinitely if it is preserved in a 
sterile condition. Nevertheless, when viewed under the ultramicroscope it is 
found to contain minute particles which vary' in frequency with the concen- 
tration of free fat in the medium. In fact, enumeration of these particles has 
proved to bean cmfnently practical measure of the concen tration of fa t in blood. 

A certain proportion of the fat in plasma, therefore, is held in exceedingly fine 
dispersion by some agency. It has been proposed that lecithin performs this 
function; but emulsions of fat that have the properties of plasma have not been 
produced with lecithin. Indeed, inability to prepare emulsions of the proper 
degree of dispersion has been an insuperable obstacle to the parenteral ad- 
ministration of fat. Emulsions of lipids, when injected intravenously', are 
rapidly removed from the blood in the spleen, liver and lungs, organs that take 
up little lipid material, but regularly tend to trap in their capillaries particulate 
matter (252a, 405). Lipids thus injected are removed from the blood more 
slowly than they are when they are given by mouth (746) and are not to well 
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utilized (252a). In plasma the size of the lipid particles is of the order of 1 to 
2 v, a degree of dispersion that can not be easily reproduced with the aid of any 
known emulsifying agents. If blood is withdrawn from a normal person after 
a meal containing fat or in the postabsorptive state from patients with certain 
disorders associated with hyperlipemia, the plasma often appears milky. If 
the plasma is allowed to stand in the cold, the fat separates and floats to the 
surface. In these conditions the lipids of the plasma either are not so highly 
dispersed or the particles are not so well protected as they usually are. The 
chyle from the thoracic duct also has a milky appearance. 

Combination with proteins. It has been suggested that in plasma the lipid 
particles are protected and held in suspension by a fine protein film. Besides 
the proteins probably act as vehicles for the phospholipids and cholesterol. 
Most of the precipitants commonly employed to remove proteins from blood 
or serum carry down with the proteins all the lipid constituents; otherwise it 
would be impossible to secure limpid homogeneous filtrates. If the removal 
of lipids with the proteins by these precipitants is only a mechanical process 
it is surprisingly complete. By less drastic methods of precipitation fractions 
of the lipids are removed. Ammonium sulfate, according to Turner and Gibson 
(913) takes out about 50 per cent of the lipids, somewhat more with albumin 
than globulin. Although the phospholipid in filtrates of horse-serum obtained 
with graded filters by Went and Goreczky (946) varied to some extent with the 
concentration of proteins, some was found even in protein-free filtrates. On 
the other hand, cholesterol passed the filters only in association with and in 
proportion to protein. From ultrafiltration of serum and transudates Bruger 
(141) concluded that cholesterol exists in large molecular aggregates; if it is 
combined with protein, the combination must be a loose one since cholesterol 
and protein did not enter filtrates in proportional quantities. Blix, Tiselius 
and Svensson (85) found that all electrophoretically separated fractions of the 
serum, but especially the a- and /5-globulins, contained cholesterol and phos- 
phatides. Extraction of the lipids from the proteins did not, however, alter 
the electrophoretic migration of the latter (83). 

Transfers across membranes 

Permeability of blood vessels to lipids. Whether the lipids are combined with 
or absorbed upon proteins or not, they are, like the proteins, restrained from 
diffusing across vascular or cellular membranes by reason of the size or char- 
acter of their molecules. A comparison of serum and transudates by Man and 
Peters (590) revealed that the latter contained minimal quantities of lipids, 
the amounts bearing a rough relation to the concentrations of protein in the 
transudates and the concentrations of lipids in the serum. When normal 
subjects stood still until appreciable amounts of fluid had filtered out of the 
blood stream into the lower extremities, protein and lipid fractions all became 
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approximately equally concentrated in the circulating plastna (503, 590). 
During recovery from diabetic acidosis, as hemoconcentration is overcome, the 
concentrations of lipids and proteins in the circulating plasma diminish propor- 
tionally. Marble, Field, Drinker and Smith (594) found 50 per cent as much 
fat and 40 per cent as much cholesterol in the cervical lymph as they found in 
the btood plasma of fasting dogs. After intravenous injections of thoracic 
duct lymph or of olive oil emulsified with lecithin, the fatty acids of the cervical 
lymph increased, but the cholesterol did not change. They concluded that 
“the degree of permeability of the blood capillar)' wall to lipid substances other 
than cholesterol is slight, but definite, and greater than that to cholesterol 
itself.” The changes of fatty acid were, however, highly variable and incon- 
sistent. Since the animals were fasting it is to be expected that fat would be 
mobilized from the tissues through the lymph to the blood stream. 

Lipids, like proteins, find their way more easily into thoracic duct lymph 
than into the lymph of the extremities. Reinhardt, Fishier and Chaihoff (733a) 
injected into dogs blood containing phospholipids tagged with radioactive 
phosphorus, P a . From measurements of the isotopic phospholipid in blood 
and thoracic duct lymph at intervals after these injections they estimated that 
10 to 20 per cent of the phospholipid removed from the blood was recovered 
in the thoracic duct lymph. There is, therefore, a continuous circulation of 
lipids between blood and thoracic duct lymph and a not inconsiderable part 
of the lipid in the latter must be derived from the systemic circulation. 

Cell membranes in general must also be impermeable to lipids; otherwise the 
radical differences between cellular and extracellular lipids would be inex- 
plicable. 

Transfers by chemical reactions. Nevertheless, lipids must be able, when the 
demand arises, to traverse all capillary membranes and to penetrate cells. 
The latter process, since it is usually associated with some change of the char- 
acter of the iipid, probably involves chemical reactions with or at the surface 
of the cell. It may be significant in this connection that the lipids of cells, 
with the exception of fatty tissue, liver and intestinal mucosa, are composed 
of those compounds which are most reactive and most soluble, phospholipids 
and cholesterol. If fat is similarly altered in its passage through endothelial 
cells, it must be reconstituted again before emerging into the interstitial fluid, 
eke it is impossible to conceive how it can so readily find its way to the cells 
of the fat depots. On the other hand, a process of simple diffusion that would 
permit the selective movement of particular compounds is hard to imagine. 
When hemoconcentration was produced by standing, in the experiments of 
Man and Peters (590), cholesterol and protein always changed proportionally; 
but in some instances fatty acids and phospholipids departed from the blood 
stream in the interests of fat metabolism. During recovery from diabetic 
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acidosis, phospholipids and cholesterol fell proportionally, paralleling serum 
proteins; but fat followed quite a different course (591). 

Transportation by lymphatics. Fat that is moved from the tissues is appar- 
ently obliged to find its way to the blood stream by way of the lymph. This 
has already been pointed out in connection with fat absorbed from the intes- 
tines. The analyses of cervical lymph by Marble et al (594) indicate that it 
holds equally for fat mobilized from peripheral depots. At the onset of a fast 
or after administration of phlorizin, fat is drawn from the depots to assume the 
major burden of providing fuel. Under these circumstances the concentration 
of fat rises in cervical as well as thoracic duct lymph (747). 

Transfers to and from blood cells. Bloor (94) early reported that after a meal 
containing fat the phosphatides of the blood cells increased. This observation 
has not been confirmed by most observers, who agree that the transportation 
of lipids in the blood stream is conducted entirely by the plasma (193, 666, 820, 
918, 945). > 

Cholesterase of blood. Except as the blood cells may take up or discharge 
lipids according to the dictates of their own metabolism, the blood appears*’to 
act as a passive vehicle in all but one respect. Sperry and Stoyanoff (854) have 
demonstrated that blood serum of animals contains an enzyme, cholesterase, that 
promotes the esterification of cholesterol. This enzyme is inactivated by heat 
and inhibited by bile acids. The serum of dogs, but not of humans, contains 
a second enzyme that facilitates the hydrolysis of esters by bile acids (854, 8551 
If normal human serum is allowed to stand at incubator temperature the free 
cholesterol is converted to cholesterol esters. If bile acids are added, esterifica 
tion is diminished or abolished in proportion to the concentration of bile acid; 
but preformed cholesterol esters are not hydrolyzed. In dogs’ serum, on the 
other hand, if sufficient bile is added, preformed esters are hydrolyzed. More- 
over, the addition of a small amount of dried serum catalyzes the hydrolysis 
of bile acids in human serum or in dog serum that has been inactivated by heat 
(855). These reactions have obvious significance in connection with the 
analysis of serum: if partition of cholesterol is contemplated, serum should be 
separated and analyzed or inactivated without delay. If they occur also in the 
circulation, these phenomena may be responsible in some degree for variations 
in the relative proportions of free and esterified cholesterol in the blood and may 
function in the exchange of fatty acids. Schramm and Wolff (795) have sug- 
gested that fatty acid, esterified with cholesterol in the blood, may be carried 
into the cells, where it is again released by hydrolytic enzyme-systems. Spexiy 
and Brand (850) point out that unless the esterifying systems work more 
rapidly in the circulating blood than they do in the test tube, where they are 
extremely slow, they can play only a limited role in the transfers of fatty acids. 
They found esterifying and hydrolyzing systems in liver emulsions, the latter 
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activated by serum. An hepatic hydrolyzing ester was also reported earlier 
by Klein (509). 

Cholesterol esters as vehicles Jor fatly acids. The constancy of the ratio of 
cholesterol esters to free cholesterol, which has been emphasized repeatedly 
(843), is strangely at variance with the evidence that cholesterol is esterified 
with fatty acids during the absorption of fat (640). It leaves no alternative 
but to suppose that cholesterol acts as a labile vehicle for fatty acids, ivhich are 
so rapidly delivered to their destinations that the balance of esters in the serum 
is never disturbed, because the bearer is cither returned to the circulation or 
destroyed, immediately it is relieved of its load. 

The fatty acids that are esterified with cholesterol are not selected at random, 
but from the most unsaturated fatty acids. Moor, Blake and Bullen (102) 
determined the iodine numbers of the fatty acids of the lipid fractions in the 
btood of 5 normal adults. They averaged 102 for neutral fat, 125 for phospha- 
tidcs and 158 for cholesterol esters 

The movement of absorbed lipids 

Direct deposition tit fat cells. The existence of a special route for the trans- 
portation of absorbed lipids has certain significant consequences. The products 
of digestion of carbohydrate and protein, being soluble and diffusible, are almost 
entirely absorbed into the portal blood stream and thereby conducted to the 
liver before they reach the systemic circulation. Fat, on the other hand, 
enters chiefly the lymph, by which it is diverted from the liver to be delivered 
directly into the systemic blood stream. Only secondarily, after it has been 
mixed with the mass of blood in the systemic circulation does it find its way 
to the liver. Meanwhile, most of it may have traversed all the other organs 
and tissues of the body. When fats containing distinctive fatty acids are ad- 
ministered to animals, the fatty acids rapidly find their way to the depots (266, 
520, 559). Since they are deposited in essentially the same form in which they 
were absorbed, there is no reason to suppose that they need be subjected to any 
intermediary transformations Delivery of fat from the alimentary’ canal 
directly to the systemic blood stream facilitates its distribution to the fat 
reserves. 

Intermediary activity of tiie liter. Nevertheless, deposition in the reserves is, 
in some manner or degree conditioned by the activity of the liver. The failure 
of animals to lay down fat in the absence of linoleic and arachidonic acids has 
been mentioned It will be shown subsequently that any one of a variety of 
disorders that impedes the formation of phosphatides in the liver has a similar 
effect. 

Deposition tn tissue cells. While fats can be used directly for storage in the 
depots, they can not gain access to tissue-cells, which contain fatty acids only 
in phospholipids Absorbed phosphatides are withdrawn from the circulation 
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rapidly by the liver and only subsequently, more gradually, find their way to 
other tissues (697). The liver appears to select and combine the proper con- 
stituents to make phospholipids — or at least phosphatides— suitable for other 
cells. Sinclair (814) gave cod liver oil to rats which had subsisted upon fat-free 
diets until growth had practically ceased. Thereafter he killed them at inter- 
vals and analyzed them for phospholipids. Within one day 30 per cent, and in 
2 weeks practically all, of the fatty adds in the phospholipids of the liver had 
been replaced by the unsaturated acids of the cod liver oil, but in the rest of the 
body the turnover was much more gradual. When the rats again received 
fat-free diets or coconut oil the process was reversed far more slowly. When 
elaidin was given, elaidic acid entered the phosphatides of the liver more 
rapidly than those of the muscles and was discharged from the two tissue? 
in the reverse order. Fully saturated lipids of hydrogenated coconut oil, in 
contrast to the highly unsaturated fats, did not alter the degree of unsaturation 
of the phospholipids in the liver (817). The quick entrance of unsaturated 
fatty acids into the liver phosphatides is not an indifferent replacement to re- 
pair the effects of continuous wear and tear, but a selective process aimed to 
keep the phospholipids of the tissues supplied with the highest possible propor- 
tion of the unsaturated fatty acids. 

Mobilization into the blood stream. After the administration of phlorizin the 
concentration of fat in plasma and liver rises rapidly as fat is mobilized from 
the reserves to assume the major burden of providing fuel. The fat from the 
depots is transmitted to the blood stream via the lymphatics (747) and a large 
amount is seized by the liver. This is evidenced by a change in the character 
of the hepatic fatty acids, which become more saturated, assuming the proper- 
ties of depot fat (40, 453, 578). The actual concentrations of fat in the blood 
stream, therefore, depend chiefly upon the rate at which fat is being mobilized. 
They give no information about the direction in which it is moving. This 
can be determined only by comparison of the character of the circulating fatty 
acids with the fatty acids of the diet. 

Although cholesterol is absorbed from the intestines, it is extremely difficult 
by dietary measures to after its concentration in systemic or portal blood.* 
Blood cholesterol does not rise after a mixed meal containing fat (585) or after 
administration of fat alone (585, 961). Its concentration does not vary appre- 
ciably in the course of the day (144) and is usually quite uniform throughout 
the circulation (805). By diets containing large amounts of cholesterol Okey 
and Stewart (676) were able to induce statistically significant increases of serum 
cholesterol. Such constancy in the blood in the face of both absorption and 

*In this and almost every other respect, the behavior ot the rabbit towards sterols is ex- 
ceptional. This must be given consideration in the interpretation of all experiments upon 
this animal. Generalizations from such experiments must be regarded w ith suspicion. 
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synthesis can only mean that absorption, synthesis and destruction are mutually 
attuned to keep the total amount of cholesterol in the animal unchanged. 

THE DISPOSITION OP ABSORBED LIPIDS 
The ultimate fate of absorbed fat can be treated best under three headings: 
(1) depot fat or the fat stores; (2) the functions of the liver in connection with 
fat metabolism; (3) the utilization of fat by tissues other than the fat-cells and 
the liver. 


DEPOT TAT AND THE FAT STORES 

The storage of fat 

All fat that is not enclosed within the parenchymatous cells of the body, but 
in fat cells, may be regarded as depot or storage fat. These deposits constitute 
the chief reserve of fuel in the body, stored in the most compact form. 

The tunioier oj depot fat. If an animal is in caloric equilibrium the fat re- 
serves as a whole remain practically constant. This has led to the assumption 
that the fat itself is ordinarily quite inert, evincing activity only when it is 
mobilized for special exigencies. Though fat en masse is relatively stable, the 
molecules of fat and the fatty acids within them are in a continuous state of flux. 
By feeding fat of atypical nature the character of the fat in depots can be 
radically altered, approaching the composition of the dietary fat (266, 439, 520, 
730, 813, 815). The fat cells arc not, however, altogether passive and un- 
discriminating in their choice if the)' are granted the privilege of selection. 
In the discussion of the distribution of fat it was mentioned that adjacent 
deposits may vary in composition, those in the deeper regions being more solid 
and highly saturated than those near the surface. Under natural dietaiy 
conditions the fat of any species tends to maintain a normal consistency and 
composition. To alter the nature of the fat of an animal receiving large quan- 
tities of fat by moderate variations of the proportions of different fatty acids 
in the diet is a relatively ineffectual, at best a tedious, process because of the 
selective properties of the fat cells (558), which preferentially pick up the acids 
which are appropriate to them, leaving the remainder to be utilized for other 
purposes. For example, when Sinclair (815) gave rats small amounts of fat 
containing highly unsaturated fatty acids, the phospholipids were rapidly 
transformed, but the iodine numbers of the fat in the depots were almost un- 
affected. Nevertheless, in rats given ethyl esters of palmitic acid labelled with 
deuterium, Stetten and Schoenheimer (872) found that by the end of 8 days 
44 per cent of the deuterofat had entered the depots. Furthermore, Dj was 
identified not only in palmitic acid, but also in stearic, myristic, lauric and 
palmitoleic. 

The selective utilization of fatly acids. Although the fat cells have these 
selective powers, they are subservient to those of the parenchymatous tissue 
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cells. When animals are starved all fats diminish, but the lower saturated 
acids appear to be consumed more rapidly than oleic (559) which, in turn, dis- 
appears more rapidly than the highly unsaturated acids such as linoleic (441). 
In addition these unsaturated acids become more and more intensely segregated 
in the liver and other organs. The less highly specialized acids are utilized 
most rapidly for energy production, while those which are most essential are 
spared. After a period of starvation it is comparatively easy, by varying the 
diet, to modify the nature of the fat depots which are forced to be content with 
what they are offered (558). The fat cells can exercise some preference, but 
have no inherent inability to accept any type of fatty acid. 

If animals are forced to subsist on diets high in carbohydrate and containing 
a minimum of fat, the storage fat becomes increasingly hard and its iodine 
number falls as the reserve of highly unsaturated exogenous acids is used up 
and the remainder is seized by other tissues (267). Species differences are 
not, however, entirely lost; some variation is maintained within the limits of 
the synthetic capacity of the animal. That this is not a physiologic state, 
however, is evidenced by the alacrity with which the character of the fat changes 
when the dietary is liberalized. Even minute amounts of fat with highly un- 
saturated acids, such as cod liver oil, are taken up with avidity (815). It is in 
carbohydrate-fed mice and rats that Schoenheimer induced the most rapid 
turnover of fatty acids in the depots. In mice half the saturated acids of the 
carcass were replaced in the course of a single day (55, 789). When the heavy 
water was withdrawn from the diet, deuterium disappeared from the fats at 
about the rate at which it had earlier been taken up (789). After 5 days on 
deuterium analysis of the fat revealed that about one-third of the hydrogen 
atoms in the saturated fatty acids had been replaced, but only about one-ninth 
of the hydrogen atoms in the unsaturated fatty acids. Saturated acids in the 
depots can apparently be synthesized more readily than unsaturated acids. 
By adding to the fat-poor diets fatty acids labelled with deuterium, however, 
it was demonstrated that the carbon-chains of long saturated acids can be 
lengthened or shortened and that both saturation and desaturation of the 
central bond can be effected. No acids with more than 18 carbon atoms or 
more than one unsaturated bond were formed. The transformations observed 
can be indicated in the following manner: 

stearic ^palmitic — ► shorter fatty acids 

it tt 

oleic palmitoleic 

Synthesis of fai by fat depots. Because fat in the liver increases whenever the 
fat depots are mobilized for consumption, it has been inferred that synthesis 
and transformations of fatty acids are accomplished chiefly, if not solely, in this 
organ (101, 439). Schoenheimer (783) subscribed to this view because, in the 



422 


lip ids 


rats to which he gave bread and heavy water, the turnover of fatty adds was 
more rapid in the liver than in the tissues. The work of Tuerkischer and 
Wertheimer (907), however, in which it was demonstrated that in the course 
of the reconstitution of adipose tissue after starvation, glycogen is first de- 
posited in the fat cells and only later replaced by fat, suggests that the fat cells 
themselves are not devoid of synthetic powers. Mirski (630), moreover,. has 
demonstrated that fatty tissue forms fat from glucose in vitro. 

THE FUNCTION Or T1IE LIVER IN THE METABOLISM OF FAT AND LIPIDS 
The composition of liter lipids 

The lipids of the liver differ in certain respects from those of the fat depots 
and those in cells of other organs. Unlike the Litter the liver cells contain 
neutral fat. Under normal nutritive conditions this fat is distinguished from 
that of the fat depots by the fact that it contains a far larger proportion of un- 
saturated fatty acids (106, 834). The liver lipids contain a high percentage 
of phosphatides, the fatty acids of which fluctuate more than do the fatty acids 
of phosphatides in other organs or tissues, with the possible exception of the 
intestinal mucosa (106). The liver cells also share with the cells of ‘the in- 
testinal mucosa the distinction of containing both free cholesterol and choles- 
terol esters, while most other organ cells contain only free cholesterol. 

The turnover of fat in the liter 

The conventional idea that the liver prepares fat for combustion by de- 
saturating it lias bad to be abandoned since it has been learned that highly 
uusaturated acids can not be synthesized The high concentration of unsatu- 
rated acids in the organ must depend rather upon selection than transformation. 
As far as the limited [lowers of the organ go, as Hilditch (439) has remarked, 
saturation in preparation for storage may be quite as important as desaturation. 
Both are within the capacity of the organ, so far as the central bonds of 16 and 
18 carbon acids arc concerned (740). Desaturation of this bond appears to 
be a reversible reaction, so regulated that the normal consistency of the fat 
depots is maintained. But there is no certainty that the reaction can occur 
onty in the liver 

The liver must, nevertheless, play a major part in the intermediary metabo- 
lism of fat, since its composition so accurately reflects every mobilization of fat, 
whatever its cause If rats or mice are given carbohydrate-free diets their 
livers become loaded with fat (472) In starvation the amount of fat in the 
liver increases so long as there arc available stores of fat, as these are mobilized 
to take over the burden of energy production (40, 238, 453, 578). These reac- 
tions are less evident in carnivorous animals like the dog or the cat (472), 
presumably because these animals are inured to diets containing no exogenous 
carbohydrate. The fatty acids of the liver rapidly assume the character of fats 
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which have been ingested (68, 818). In starvation they take on the character 
of the depot fats (40, 453, 578). If diets with minimal amounts of fat are given 
the liver is the first organ to show the effects of fat synthesis. In fact, Barrett, 
Best and Ridout (40), from experiments with deuterium, concluded that with 
such diets the depot fats remained unaltered. By a similar technique. Bern- 
hard and Schoenheimer (55), however, showed that, although the composition 
of the liver changes more rapidly than that of the depots, the latter ultimately 
share in the fatty acid turnover. In mice more than half of the fatty acids in 
the liver were synthesized within one day, while a week was required for a com- 
parable transformation of the fat reserves. In comparable experiments Stetten 
and Grail (871a) estimated that the half-life of depot fats was 5 to 6 days, that 
of liver fat only 2.6 to 2.8 days. 

A large part of the turnover of fatty acids in the liver involves the phospha- 
tides rather than the fats, especially when unsaturated acids are fed. It is the 
selective absorption or synthesis of phospholipids that favors the accumulation 
in the liver of unsaturated acids. This is exemplified in the speed with which 
.'the .iodine numbers of the Iiver_phosphatides .rose when Sinclair (815) fed .rats 
~ small amounts of cod liver nil. . Cavanaghand Raper (168) found that within 
6 hours after Tats bad-received deuterated linseed oil the quantity of Dj in the 
liver phospholipids indicated that 14 per cent of the fatty acids in these com- 
pounds had been replaced. In addition cholesterol brings to the liver a further 
increment of highly unsaturated fatty acids. Besides using fat for its own 
purposes and for the manufacture of acetone bodies which will be discussed 
below, the liver appears to act as a sorting point for fatty acids and a great 
central laboratory in which phospholipids for the tissues are assembled. The 
evidence on which this hypothesis is based has been derived largely from a 
study of the accumulations of fat in the liver when this organ is injured or de- 
prived of certain essential dietary factors. 

“ Fatty livers ” 

Normal and abnormal accumulations of lipids in the liver . Excessive quan- 
tities o{ lipids accumulate in the cells of the liver under two sets oi circum- 
stances: (1) when fat is mobilized from the depots to meet unusual demands 
for the combustion of fat; (2) when, because of some dietary disorder or injury 
the lipid metabolism of the liver becomes impaired so that the turnover of 
lipids in the liver is retarded. The first of these conditions is only an exaggera- 
tion of a normal physiological process; the second can be regarded as a patho- 
logical condition. Physiological and pathological fatty livers are distinguished, 
not only by the quantities of lipids they contain, but also by the character and 
partition of these lipids. 

From the earliest experiments of Minkowski it had been recognized that 
removal of the pancreas from dogs was followed by the rapid deposition in the 
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liver of etcessive amounts of fat. This was attributed to the mobilization of 
fat for energy production through the formation of ketone bodies. In 1924, 
however, Allan, Bowie, Maclcod and Robinson (5) reported that insulin would 
not indefinitely prolong tire life of depancreatized dogs. After a certain in- 
terval the animals developed symptoms suggesting impairment of hepatic 
function and, at autopsy, were found to have intense fatty infiltration of the 
liver. This could be prevented by addition to the diet of raw pancreas. The 
subsequent discovery by Hershcy and Soskin (421) that egg yolk lecithin could 
replace raw pancreas placed the condition in the category of deficiency diseases. 
Since then similar states have been produced in animals by the addition to or 
subtraction from the diet of a great variety of compounds. 

Physiological fatty liters. The distinction between the physiological and the 
pathological fatty liver is most clearly illustrated by the reactions of the de- 
pancreatized dog. If this animal is deprived of insutin the fat in its liver 
increases. At the same time hyperlipemia and ketosis appear. Liperaia, fatty 
infiltration and ketosis mark the rapid transfer of fats from the depots and 
accelerated metabolism of fat when oxidation of carbohydrate is reduced to a 
minimum and fat is almost the sole source of energy. The patterns of lipids 
in blood plasma and liver arc not distorted; the fatty acids resemble those of the 
depot fat or dietary fat from which they were derived. The nature and parti- 
tion of phosphatides and sterols are not abnormal. This condition is abolished 
by anything which accelerates the metabolism of carbohydrate: by insulin 
in the diabetic animal, by administration of carbohydrate in total starvation 
or carbohydrate starvation. It is not affected by any of the lipotropic* agents 
that benefit animals with the types of fatty livers that arise from deficiencies 
(247, 548) There is no defect in the processes of fat metabolism in carbo- 
hydrate starvation. Tat can be moved freely; it is only travelling predomi- 
nantly in one direction, towards combustion in the tissues, in response to an 
intense, but normal, stimulus. The current can be reversed by restoring com- 
bustion of sugar 

That the fatty acids which accumulate in the liver in ketosis are derived 
from depot fat has been demonstrated by Stelten and Salcedo (871b) with the 
aid of heavy water in animals which had received anterior pituitary extracts. 

The general characteristics of pathological fatty livers. The depancreatized 
animal which has received insulin and animals with deficiencies that cause fatty 
livers present an entirely different picture. They are not consuming an undue 
proportion of fat and do not have ketosis.” There is not an excess, but rather a 
deficiency, of lipids in the blood serum. In addition the partition of lipids in 
the serum is abnormal: cholesterol esters and phosphatides are particularly 
reduced (170). In the liver also the pattern of lipids is disturbed: there are 

' The terra lipotropic has been applied to those agents which lend to eliminate hepatic fatty 
Infiltration which arises from dietary deficiencies. 
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undue proportions of phospholipid. This general rule holds for all dietary 
fatty livers that have been described, although the relative proportions of the 
individual lipid fractions vary somewhat with the nature of the inciting factor 
(60, 66, 726, 871). These disturbances are not affected by administration of 
insulin or carbohydrate. In fact, according to Best (62) the carbohydrate 
tolerance of the depancreatized dog increases and its insulin requirement 
diminishes as the liver becomes fatty, although the general condition of the 
animal deteriorates. Vice versa, when the liver gives up its lipids under the 
influence of one or another lipotropic factor, the diabetes appears to becomemore 
severe, although the general condition of the dog improves. In dietary de- 
ficiency the infiltration of the liver with fat does not necessarily denote acceler- 
ated metabolism of lipids; animals with this condition appear not to lay down 
fat in their depots to the proper extent (871b). Upon administration of 
appropriate lipotropic factors the fat disappears from the liver and the pattern 
of lipids in the organ returns to normal; the serum lipids likewise become normal 
in quantity and partition. At the same time nutrition improves and the fat 
depots befein to fill. The movement of lipids seems to be blocked in or by the 
liver. 

The pathologic effects of the disorder are not limited to malnutrition and 
fatty infiltration of the liver. If the condition is sufficiently severe or per- 
sistent liver cells degenerate and ultimately cirrhosis develops. Hemorrhages 
and degenerative lesions also appear in the kidneys. 

In almost every instance dietary fatly livers have been traced to the absence from 
the diet of some component essential for the synthesis of phospholipids or the pres- 
ence of some compound which interferes with (heir synthesis. So deviously has 
the problem been elucidated that its history can not be given in detail. The 
subject has been reviewed by Frame (321) and by McHenry and Patter- 
son (616a). 

Deficiency of essential fatty acids. The need for adequate amounts of linoleic 
and arachidonic acids in the diet has already been mentioned. Lack of these 
leads not only to malnutrition, failure of growth and integumentary disorders, 
but also to fatty infiltration of the liver (273) and lesions of the kidneys (152). 
Impairment of the ability to lay down fat in the depots has also been noted 
(827). According to Bames, Miller and Burr (36), although the absorption of 
fat is not reduced out of proportion to the size of the animals, phosphorylation 
of fats in the intestinal mucosa is distinctly decreased. When rats with fatty 
acid deficiency and rats which had been cured of the deficiency were given 
conjugated fatty acids of com oil, the phospholipids in the livers of both groups 
contained the same amounts of the foreign acid (37). Hevesy and Smedley- 
Maclean (431) report that, while the phospholipid turnover in the livers of rats 
is surprisingly constant, the turnover in muscles is more rapid in fat-free rats 
than in rats receiving linoleate or arachidonate. 
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In other types of fatty livers a plentiful supply of unsaturated acids tends to 
minimize the accumulation of fat in the liver and to promote its motion to the 
fat reserves. The inclusion in inadequate diets ol large amounts of sucrose 
from which the essential fatty adds can not be formed exaggerates hepatic fat 
infiltration. Best, Channon and Ridout (60) could demonstrate no abnor- 
mality of the iodine numbers of the fats in dietary fatty livers of rats; but in 
depancreatized dogs Ralli, Rubin and Present (726) have reported that the 
iodine numbers fall as fat increases and phosphatides decrease. Channon, 
Hanson and Loizides (180) concluded that the deposition of fat in the liver was 
directly related to the proportions of saturated Ch to Cu acids in the diets. 
In similar experiments by Channon and Wilkinson (186) the relative amounts 
of fat in the livers of rats after 40 days on choline-free diets with various fats 
added were: with butter 30.7, beef fat 27.1, palm oil 26.4, coconut oil 20.5, 
olive oil 15.6, cod liver oil 7.2 per cent of the fresh weight of the liver. The 
least saturated fatty acids which are most suitable for the formation of phos- 
phatides have the smallest tendency to accumulate in the liver. Conversely, 
Artom and Swanson (19a), by means of bromo-substituted fatty acids, have 
demonstrated that the liver becomes infiltrated especially with those fats that 
are least susceptible to metabolic utilization. 

Choline deficiency. Purely dietary fatty livers were first produced in rats 
by Best and bis associates (63) by diets containing large amounts of fat with 
small quantities of protein (63). Subsequently it was discovered that high fat 
was not a prerequisite so long as the quantity of protein was limited and certain 
other factors were omitted from the diets (66). In fact fatly livers could be 
induced readily by diets in which sucrose was the sole or chief source of nourish- 
ment (6S). Having confirmed Hershey and Soskin’s (421) observation that 
lecithin would prevent or abolish fat infiltration in the livers of both depan- 
creatized dogs (62) and rats with dietary fatty livers (63), Best and associates 
(61) identified the active lipotropic principle in lecithin as choline. This es- 
tablished choline, an integral part of the lecithin molecule, as the factor responsi- 
ble for the fatty livers produced by the diets which Best had employed and led 
him to conclude that this compound was an essential dietary factor ranking 
with the vitamins. 

The lipotropic activity of methionine. It was next discovered by Best and 
Huntsman (64) that the livers of animals on choline deficient diets containing 
sucrose did not accumulate so much fat if a liberal ration of protein was given. 
In fact casein in adequate amounts could lie substituted for choline as a lipo- 
tropic agent (48, 59, 185). Investigation of the active constituents of casein 
revealed that cystine exaggerates (48, 904), while both d- and /-methionine 
prevent the deposition of lipid (70, 183, 904). It was subsequently established 
that the lipotropic activity of a large number of proteins was directly propor- 
tional to the amount of methionine they contained (181, 825). 
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The lipotropic action of methionine depends upon its ability to provide 
methyl groups for the formation of choline from ethanolamine. Assays of a 
great number of compounds allied to choline and to methionine have proved 
that only substances which can form choline or furnish methyl groups for its 
formation will prevent the fatty livers of choline-deficiency. That methionine 
can act as a donator of methyl groups has been demonstrated by du Vigneaud 
and associates (925). That its lipotropic activity depends upon this feature 
has been proved by a great variety of methods. A number of other amino 
acids that have been tested are devoid of lipotropic activity (47). Homocystine 
can replace methionine as a lipotropic agent only if choline or some other source 
of methyl groups is also provided (924). It has been repeatedly demonstrated 
that betaine can be substituted for choline, although it gives less protection 
(704) or less prompt protection (178). That its effectiveness derives from its 
ability to form choline is clear from experiments of Stetten (869) in which, by 
diverting the methyl of betaine from choline to creatine by means of guanido- 
acetic acid, he induced fatty livers in rats which were receiving betaine. 

It has been claimed that the lipotropic effect of methionine is limited; it also 
increases with the dose only up to a certain limit (70, 183). Best (70) and 
Channon (183) were unable to account for the total lipotropic activity of casein 
by the methionine it contained. Tucker, Treadwell and Eckstein (906), on 
the other hand, concluded that the opposing actions of cystine and methionine 
together could explain the whole influence of caseinogen upon the deposition 
of lipid in the liver. 

The f aliening effect of guanidoacetic acid. Guanidoacetic acid produces ex- 
tremely fatty livers in rats even when they are receiving protective doses of 
choline (871). This is not due to reduction of choline synthesis, although the 
livers of rats after guanidoacetic acid contain minimal amounts of choline. 
The choline is used as a source of methyl to form creatine from the guanido- 
acetic acid (869). Guanidoacetic acid, like all the other agents that induce 
fatty livers, also causes characteristic lesions of the kidneys. 

Choline and in ethylation. Although some source of methyl groups is essential 
for the synthesis of choline, the methylation of choline is not essential to its 
lipotropic activity nor does this depend upon its ability to donate methyl groups 
to other compounds. It is apparently necessary only that it be able to form a 
phospholipid that can function as lecithin. Triethylcholine is quite as effective 
as choline in preventing hepatic fat infiltration, although it can replace choline 
only as a constituent of lecithin. Arseno-choline when fed to rats by Welch 
and Landau (944) was recovered in lecithin and had lipotropic activity, al- 
though it will not donate methyl to homocystine as choline will. The ability 
to form lecithin and to exert lipotropic activity seems to depend upon the re- 
tention of architectural structure rather than composition. 

AH the experiments thus far cited have dealt with prolonged deficiencies. 
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Aylward, Channon and Wilkinson (23) fed rats high fat meals with and without 
choline after an overnight fast, examining the livers at intervals thereafter for 
13 hours. Without choline the fats rose considerably while the phosphatides 
fell temporarily. Both these disturbances were moderated by choline. 

Like the highly unsaturated fatty acids, choline will not prevent or abolish 
all types of fatty infiltration of the liver, but will tend to alleviate them. If 
there is a sufficiency of choline in the diet it is more difficult to induce fatty 
livers by other means. 

The Ihcr-Jatien'wg eject oj cystine. The rflle of cystine in promoting hepatic 
fat infiltration long puzzled investigators. It was early discovered that it had 
this effect only when the diet was somewhat deficient in either methionine or 
choline and that the addition to the diet of either of these compounds prevented 
or eliminated the fat infiltration. This seemed to connect its effect with the 
process of mcthylation (372, 905, 924). Homocystinc was found by du Vig- 
neaud and associates (924) to have a similar effect. The liver-fattening action 
of cystine was not proportional to the dose. In young rats 0.3 per cent of 
cystine did as much damage as 1.0 per cent and no more choline was required 
to counteract the large dose than was needed for the small dose (372). This 
relation could not be expected if cystine had a specific toxic action. 

Griffith (371, 372) suggested that the effect of cystine depends not on a 
specific toxic action nor direct interference with the process of fat transporta- 
tion, but upon its tendency to stimulate metabolism and appetite, thus in- 
creasing the requirements for choline. He demonstrated that the severity 
of the disturbance produced by deficiency of choline and the requirement for 
choline vary inversely as the age and directly with the rate of growth of rats. 
With Mulford (373), he found that when the food intake of rats fell below a 
certain minimum, the incidence and severity of fatty livers fell off sharply. 
Griffith’s hypothesis, in a somewhat modified form, has been substantiated 
by a number of other observations (905). Cystine creates a greater demand 
for methionine by promoting growth in two ways: it increases the demand 
for the movement of fat and it may divert methionine from its function of 
methylation to the formation of new tissue protein. The liver-fattening action 
of cystine can always be prevented by the presence in the diet of adequate 
amounts of either choline or methionine. If, however, with a deficiency of 
choline, an animal is given just enough methionine to prevent hepatic fat in- 
filtration, the addition of cystine will increase appetite and fat formation and 
will promote the accumulation of fat in the liver again. This is also true if 
casein in comparable lipotropic quantities is substituted for the methionine 
(455a). Cystine has a greater liver-fattening effect on young, growing rats 
on low casein diets than it does on mature rats because it provides a necessary' 
supplement for growth The methionine which would otherwise be used for 
lipotropic purposes, to methylate choline, joins with the cystine to form new 
protein for the growth of tissues (455a, 902a). 
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When rats on a choline deficient diet were given heavy water by Stetten 
and Salcedo (871b), deuterium accumulated in the fatty acids of the liver, but 
little was found in the fatty acids of the carcass. Lack of choline, therefore, 
seems to block the movement of fat from the liver to depots and tissues. When 
cystine was added to the diet the livers were just as fat, but large amounts of 
deuterium were found in the fatty acids of both liver and carcass. Cystine, 
therefore, promoted the formation of fat. 

T he effects of serine. Lysine, glutamic acid, serine, glycine and phenylalanine 
were found by Beeston and Channon (47) to have no influence upon the deposi- 
tion of liver fat. Stetten and Grail (871) also reported that serine, like ethanol- 
amine, is inactive. Fishman and Artom (306) have, however, reported that 
rats given SO to 100 mg. of rfJ-serine daily die, with antecedent anorexia and 
albuminuria, autopsy revealing peripheral circulatory failure, congestion of 
liver and lungs, and severe damage to renal tubules. If this should prove to be 
related to hepatic fat infiltration, it provokes speculation. Binkley and du 
Vigneaud (77) have shown that cystine is formed from homocystine and serine 
by liver tissue of rats and have suggested that methionine may follow this route 
in the formation of cystine. Stetten (870), with the aid of heavy nitrogen, 
has also demonstrated that serine may be used for the formation of cystine. 
It is equally possible that an excess of serine may block the formation of lecithin 
by competing with choline in the elaboration of phosphatides. 10 

Fatly liters, then, seem to occur when there is an absolute deficiency in the pro- 
duction of choline (diets containing too little choline, methionine or both), 
when the destruction of choline is accelerated (guanidoacetic acid), and when the 
demand for choline is increased (cystine or homocystine). In all of these con- 
ditions there is less than the usual proportion of choline — and, ipso facto, of 
lecithin— in the lipids of the livers, which contain excessive proportions of 
neutral fat and cholesterol esters. The cystine fatty livers, furthermore, con- 
tain actually excessive quantities of choline. It has been claimed also that 
the livers of choline-starved rats also contain normal (60) or excessive (476) 
quantities of choline. But careful studies by Engel (274) and by Stetten and 
Grail (871) appear to have established that choline in the livers of choline- 
deficient rats is not only relatively, but also absolutely, reduced. Whether 
it is reduced or not, Boxer and Stetten (116b) have shown, with the aid of the 
heavy nitrogen isotope, N u , that its turnover in the liver is retarded. 

Studies of liver in vitro have thrown little light upon the nature of the im- 
pairment of fat metabolism in fatty livers or upon the specific r6le of choline. 
Handler and Bemheim (388) have shown that the oxidation of choline by liver 
slices is retarded in fatty livers. The oxygen consumption of fatty livers is also 

’•Recent studies by Artom, C., Fishman, W. H.. and Morehead, R. P. (Fed. Proc., 1945, 
4 , 81) Indicate that these injurious effects are referable entirely to the d-serine which can 
not be utilized. 
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reduced (209) and can be increased by the addition of choline (905). According 
lo Trowcil (903) choline also increases the oxygen consumption of liver pulp, 
which will not oxidize fat, and inhibits the oxidation of fat and the production 
of acctoacctic acid by liver slices. Cook and Edson (209) could detect no dis- 
turbance of ketogenesis in fatty liver slices. Califano (161) claims that fat is 
imperfectly oxidized by slices from fatty livers. 

The effect of fatly livers on fat metabolism. Deuel and associates (236) by 
feeding large amounts of butter-fat to rats, produced fatly livers that could be 
prevented by the addition of choline. Rats thus protected by choline, however, 
developed excessively fatly livers and ketonuria when they were starved. If 
they were given choline during lire fast as well as during the preliminary period 
on high butter-fat, both fat infiltration and ketosis were mitigated. MacLean, 
Ridout and Best (579) found that rats with fatty livers developed excessive 
Starvation ketonuria. MacKay et al (571), on the other hand, could establish 
no relation between ketogenesis and fatty livers. They found that starvation 
ketosis varied directly in severity with the quantity of protein in the antecedent 
diet, being maximum in rats which had subsisted on the highest protein and 
which had, therefore, been best protected against hepatic fat infiltration. All 
these observations indicate that choline facilitates the movement of fat through 
the liver, rather than its utilization in that organ. 

Cholesterol fatty liters. The administration to rats of moderate amounts 
of cholesterol produces fatty livers (67). All fatty livers which have been 
described contain excessive amounts of cholesterol, chiefly in the form of esters, 
but this imbalance is grossly exaggerated by the inclusion in the diet of choles- 
terol (60, 67, 207, 726, 871). At the same time cholesterol esters of blobd 
plasma are reduced (170, 497). In other respects cholesterol fatty livers 
resemble other types, containing excessive amounts of fat and less than the 
usual proportion of phospholipid. Choline will alleviate the fat infiltration, 
but will not prevent or abolish it (67, 376) unless large doses arc given (349); 
it reduces the accumulation of fat more than it does that of cholesterol (184). 
The cholesterol esters in the liver are more resistant than the fats to all lipo- 
tropic factors. Indeed, cholesterol appears to be the most potent stimulant to 
fat infiltration thus far discovered (372, 376, 941). How it acts is still a subject 
for speculation. Since, outside of the glands that form steroid hormones, 
cholesterol esters are confined almost entirely to the intestinal wall, the blood 
plasma and the liver, they probably act as vehicles to convey fatty acids to 
the liver. When Loizides (556) fed rats diets containing cholesterol with 
different amounts of fat, the deposition of cholesterol esters in the liver varied 
with the fat as well as the cholesterol in the diet. The cholesterol of animals 
as a whole can be increased to a limited extent only and the surplus appears 
to be confined to the liver. The fatty adds attached to cholesterol roust, 
therefore, be transferred in this organ to some other vehicle. At the same time 
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some disposition must be made of the cholesterol that is liberated. If the 
liberation of fatty acid and the disposition of cholesterol were linked reactions 
there would be competition for fatty acids between cholesterol and phospha- 
tides. If the liver was overloaded with cholesterol an abnormally large pro- 
portion of unsaturated fatty acids would be immobilized as cholesterol esters 
to the deprivation of the phosphatides. Likew ise, if the formation of lecithin 
was retarded by the absence of such an essential component as choline, choles- 
terol esters would accumulate for lack of recipients for their fatty acids. Perl- 
man and Chaikoff (695, 696) found that the quantity of P M in the livers of 
rats that were given inorganic phosphate containing radioactive phosphorus 
was diminished by administration of cholesterol; but that this effect of choles- 
terol could be neutralized by giving choline. The cholesterol fatty liver is 
most effectively treated by a combination of choline with either inositol or 
lipocaic (see below (349)). 

Fatly liters from liver and liver extracts. Administration of dried liver was 
shown by Blatherwick and associates (81) to produce fatty livers containing 
unusually large quantities of fat and cholesterol with deficient phospholipids. 
This was at first attributed to the high concentration of cholesterol in liver; 
but this hypothesis had to be abandoned when it was discovered that aqueous 
extracts of liver also caused hepatic fat infiltration (61 6) . McHenry and Gavin 
(616) were unable to prevent ot relieve the disorder by means of choline. In 
fact the extracts contained enough choline to insure against deficiency of this 
substance. Protection was conferred by extracts of pancreas, and by extracts 
prepared by special procedures from wheat germ, yeast, rice polishings, liver, 
kidney and muscles (347). Egg-white 11 and inositol (347) also conferred pro- 
tection. This led to the discovery that crude preparations of biotin induced 
fatty livers that corresponded in ail respects, including protective’factors, to 
those induced by liver extracts (348). 

Biotin as a cause of fatty livers and the lipotropic action of inositol. These 
experiments suggest that the material in liver responsible for the production 
of fatty livers is biotin, which creates an unusually great demand for inositol. 
The report by Folch and Woolley (315) that cephalins of the central nervous 
system contain inositol establishes this compound as an essential constituent 
of special phosphatides. The biotin fatty liver is abolished by either lipocaic 
or inositol, but not by choline; the cholesterol liver responds to large doses of 
choline, but is refractory to inositol and lipocaic (349). 

The composition of fatly livers. Longenecker, Gavin and McHenry (561) 
have pointed out that in choline-deficiency, although the livers are loaded with 
lipids, the fat depots are relatively depleted. In contrast, the depots of rats 

11 In their original report Ulatherwick ct a! (81) stated that liver extract did not cause 
hepatic fat infiltration a hen egg-white was the source of dietary protein, but attributed the 
failure to the poor nutritive value of these diets. 
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treated with liver extracts are loaded with fat. The adiposity is further in- 
creased by protective agents. The distinction between choline and liver ex- 
tract rats may depend only upon general nutritional factors. Liver extracts 
distinctly improve the nutrition of rats, while the absence of choline impairs 
nutrition. For example, the average weight of rats receiving choline and 
vitamin B supplement was TO grams; the further addition of lipocaic brought 
it to 99 grams. Although cholesterol accumulates in both types of liver, the 
accumulation does not consist preponderantly of esters in the biotin liver as it 
does in the choline-deficient. In the former the normal proportions of the two 
fractions are maintained, free tester * about 2:1. The increase of cholesterol 
in the biotin liver is, therefore, ascribed by Longeneckcr et al to accelerated 
synthesis, rather than immobilization. In. the choline-deficient liver reduction 
of phosphatide is particularly prominent. The average total quantity of 
phosphatide in the livers of rats that had received choline and vitamin B factors 
was 32 mg., which rose to 54 mg, when liver extract was given and remained 
about the same, 48 mg., when lipocaic also was added. This contrasts with 
acetone-soluble fat figures of 86, 596 and 106 mg. respectively for the three 
types of liver, and cholesterol figures of 6.6, 56.3 and 6.7 mg. The concen- 
trations of phospholipid in all were the same, 10 mg. per gram of liver. The 
fat formed from carbohydrate under the influence of vitamin B components 
and choline is particularly rich in Cu acids. The addition of liver extract, with 
or without lipocaic, leads to the deposition of more C,» acids and a larger pro- 
portion of unsaturated acids. 

The fatly liter of the depattcrcalized dog maintained with tnsulin probably 
arises from multiple causes. It has all the characteristics of the other fatty 
livers which have been described: high fat and cholesterol esters and low 
phospbatides. It is attended by hypolipemia in which cholesterol esters are 
especially reduced (170). The disorder resembles that of the choline-deficient 
animal inasmuch as the fat depots tend to be depleted. This may, however, 
be only a manifestation of general malnutrition, o« ing to the imperfect absorp- 
tion of food. Both fatty liver and hypolipemia are prevented or abolished by 
feeding raw pancreas (638). Dragstedt, Frohaska and Harms (246) prepared 
extracts of pancreas that conferred complete protection, from w hich. they in- 
ferred that the pancreas contains a “fat metabolism hormone" which they 
named lipocaic . J£al/i (726) and Chaikoff (639) a ad their associates, however, 
demonstrated that ligation of the pancreatic duct was as effective as removal 
of the pancreas in producing fatty livers and hypolipemia (277) and that pan- 
creatic juice was as efficacious as extracts of the gland in relieving or preventing 
them. This would identify the active lipotropic component with some con- 
stituent or constituents of the external secretion of the pancreas that either 
possess protective powers or facilitate the absorption of protective agents. 
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This is denied by Dragstedt et al (8), who were unable to induce fatty livers 
or to alter serum lipids by diverting pancreatic juice through a fistula. 

By giving large doses of choline, as much as 36 mg. per kilo per day, to de- 
pancreatized dogs, Entenman and Chaikoff (275) and Ha Hi and Rubin (725) 
were able to keep both quantities and proportions of liver lipids within normal 
limits; others claim that the fat infiltration can be moderated, but not prevented 
(182, 247). Best and Ridout (69) claim that the beneficial effects of pan- 
creatic extracts are derived only from the protein and choline they contain. 
This also has been denied by others (182, 714). The problem has been greatly 
clarified by recent experiments of Ralli and Rubin (725). When they gave 
depancreatized dogs dried beef powder from which soluble extractives had been 
removed only occasional animals developed fatty livers, although equivalent 
amounts of raw beef provoked intense fatty infiltration. When meat powder 
was given together with the extract which had been removed from it there 
was early intense fatty infiltration of the liver which later cleared even if the 
meat powder and extract were continued. The lipotropic activity of the meat 
powder Ralli and Rubin attribute merely to the fact that the protein in this 
form is absorbed, while raw meat is not. This would place the depancreatized 
fatty liver in the category of dietary fatty livers. In addition the extractives 
of the meat must contain certain noxious agents that tend directly to promote 
hepatic fat infiltration. The effect of these is, however, nullified by the protein 
if this is properly absorbed. 

More recently Entenman, Chaikoff and Montgomery (277a) have reported 
the isolation from pancreas in a highly concentrated form of lipotropic factors 
that are soluble in dilute acid, precipitated by 0.25 to 0.5 saturated ammonium 
sulfate solution. 

Vitamin B components and fatly livers. Besides biotin and inositol other 
components of the vitamin B complex influence deposition of fat in the liver. 
Their effects are of several kinds: some are conducive to fatty infiltration 
merely because they stimulate appetite and metabolism, some are positively 
deleterious, others are beneficial. Thiamin belongs to the first class. With- 
out vitamin Bi rats tolerate choline deficiency, but lose weight (613). When 
appetite and weight increase under the influence of thiamin, the rats develop 
fatty livers which can be prevented or relieved by choline (614). The in- 
tensity of the fat infiltration varies directly with the quantities of fat in the diet 
(346, 614), but infiltration can be induced by diets containing minimal amounts 
of fat with large amounts of carbohydrate. The introduction of riboflavin 
and pyridoxin e exaggerates the fattening effect of thiamine (346). McHenry 
concluded that thiamin facilitated the formation of fat from carbohydrate. 
Its lipogenic action derives rather by stimulating appetite. In one series of 
rats analyzed by McHenry and Gavin (615) the quantity of lipid deposited 
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varied with the quantity of food eaten. Thiamin does not increase the fat 
of rats if their diets arc restricted to those of rats receiving no thiamin. Engel 
(273) could not produce fatty livers on cholinc-free diets if thiamin, riboflavin 
and pantothenic acid were omitted, The amount of choline required to prevent 
fat infiltration varied directly with the amount of food eaten which, in turn, 
depended upon the quantities of these three compounds consumed. Pyridoxins 
seemed to have little effect by itself; but if it was omitted from the diet for a 
long time fat began to accumulate in the liver. 'Phis infiltration resisted cho- 
line, but yielded to inositol. Scudi and Ilamlin (799) have reported that in the 
dog deficiency of pantothenic add results in a hypolipemia affecting especially 
cholesterol esters together with lipid infiltration of the liver, the typical fatty 
liver syndrome. 

Ralli and Rubin (725) found that extremely large doses of inositol, 2 grams 
per day, caused intense fatty infiltration of the livers of depancrcatized dogs 
that were receiving meat powder that ordinarily prevented fatty livers. Al- 
though neither excess nor deficiency of nicotinic acid per se gives rise to fatty 
livers, Handler and Dann (389) have concluded that nicotinamide combines 
with methyl groups to form trigonelline, thereby depriving choline. It appears 
to derive its methyl groups more readilj- from methionine than from choline. 

The vitamin B complex is, therefore, of great importance for the mobilization 
of lipids and their treatment in the liver. Thiamin and riboflavin seem to do 
no more than stimulate appetite, metabolism and growth, thereby creating a 
proportionally greater demand for essential dietary factors. In this respect 
they resemble well balanced proteins except that the latter, if given in large 
enough quantities, contribute a considerable proportion of these essential fac- 
tors. Excessive amounts of biotin or ahsence of pyridoxinc or pantothenic acid 
have a more specific effect. They increase the requirement for choline and 
inositol, especially the latter. The effect of biotin, in this respect as in others, 
is also neutralized by egg-white, presumably because of the avidin itcontains. 
Inositol, though it has a distinct lipotropic action under most circumstances, 
will, in large doses aggravate the fatty liver of the depancrcatized dog. Nico- 
tinic acid, in excessive doses, by competing with choline for methyl groups to 
form trigonelline, will also induce fatty livers. 

These discoveries cast some suspicion upon the rather general opinion that 
excessive doses of vitamin B components can he given with, impunity. Al- 
though tliis may be true of animals that are receiving adequate diets, the ad- 
ministration of excessive or unbalanced vitamin mixtures with insufficient diets 
may be highly inadvisable. The present vogue of injecting large doses of 
selected vitamins into patients that are subsisting entirely upon parenteral 
fluids or low protein diets may prove to be misdirected 

Summary of dietary jolty livers. The simplest facts about dietary fatty 
livers are summarized in table 19. When fat is mobilized to and from the fat 
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depots in response to changing demands for oxidation or storage, a proportion, 
probably a large proportion, is routed through the liver. Whatever the pur- 
pose of this transit may be, it seems to require the production or presence of 


TABLE 19 

The Causes or Dietary Fatty Livers 
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Cboline 

Methi- 

Other »£Ca(! 

Deficiency of linoleic and 
arachidonic acids 

0 

0 

0 

Fatty acids for phosphatides 

Deficiency of choline 

+ 

+ 

Methyl dona- 

lacking 

Inability to form lecithin 

Deficiency of methionine 

0 

+ 

tors 

Hemocystine -f- 

Deficiency of methyl groups 

Excess of guanidoacetic 
acid 

+ 

+ 

choline 

Methyl dona- 

Methyl taken from choline to 

Excess cystine 

Excess serine 

(+) 

+? 

+ . 
+? 

tors 

form creatine. Promotes 
fat formation, increasing de- 
mand for choline 

Forms cystine and excess of 

Excess cholesterol 

(+) 

(+) 


phosphatidyl serine? 
Competes with phosphatides 

Liver extracts . 

(+) 

<+) 

Lipocaic, inosi - 1 

for un saturated fatty acids? 
Excess of biotin 

Pancreatectomy. . . 

+ 

+ 

to! 

Lipocaic 

Failure to absorb lipotropic 

Excess of thiamin . 

+ 

+ 


factors and absorption of 
noxious factors 

Increases appetite and metabo- 

Excess of riboflavin 

+ 

+ 


lism 

Increases appetite and metabo- 

Deficiency of pyridoxin e 

(+) 

(+) 

Inositol 

lism 

Increases demand for choline 

Deficiency of pantothenic 
arid . . 

+? 

+? 


and inositol 

Uncertain 

Excess of biotin 

0 

0 

Inositol 

Increases demand for inositol 

Excess of nicotinic add. 

+ 

+ 

Methyl dona- 

Takes methyl from choline to 




tors 

form trigonelline 


large quantities of phospholipids. Anything which interferes with their 
production impedes the transfer of fatty acids, backing them up in the liver. 
Among the phospbatides lecithin appears to be the chief limiting factor, pre- 
sumably because it can not be synthesized in Mo from endogenous materials. 
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If choline is not given or if methyl groups are not made available in sufficient 
quantities to permit the free production of choline from ethanolamine or other 
precursors, the movement of fat in the liver is checked. The lipotropic effect 
of methionine depends upon its ability to donate labile methyl groups. Guani- 
doacetic acid and nicotinic acid cause fatty livers because they divert methyl 
groups from choline to creatine and trigonelline respectively. In choline de- 
ficiency the quantities of phospholipids and the proportion of choline in these 
phospholipids in the liver are reduced (871) and the turnover of phosphorus 
in tire liver phospholipids is retarded (329a). The fraction of cephalin that 
contains only ethanolamine does not become a limiting factor because ethano- 
lamine can be readily synthesized. On the other hand, when biotin is given in 
excess or when there is a deficiency of pyiidoxine, inositol, which is a constituent 
of certain cephalins and which can not be synthesized, becomes a limiting factor. 
Whether surplus biotin or lack of pyridoxine diverts inositol, or impedes its 
incorporation in cephalin is not known. Lack of serine again has no deleterious 
effect because it can be synthesized; but a great excess of serine does give rise 
to a disorder suggestive of the dietary fatty liver. This may be because it forms 
cystine or because, by forming an excess of phosphatidyl serine it diverts fatty 
acids from other phosphatides. Cholesterol may secure its effect in a similar 
manner, by competing with phosphatides for fatty acids. 

The liver fattening effect of cystine depends upon its propensity to stimulate 
appetite and growth and to promote the synthesis of fat. This creates a greater 
demand for choline. In growing animals it also tends to divert methionine 
from its methylating function to the formation of protein. Thiamin and ribo- 
flavin are classed among these stimulants to appetite and metabolism. A 
deficient protein intake, although it impairs general nutrition and retards 
growth, also prevents the development of the fatty liver. Homing and Eck- 
stein (455a) found that when adult rats were given diets containing only 5 per 
cent casein with cystine they developed fatty livers which could be prevented 
by the addition of a proper amount of methionine either in the pure state or as 
casein. In young, growing rats pure methionine had the same lipotropic ac- 
tion, but an equal amount of methionine in the form of casein did not. When 
the casein was given it was used for growth. Its methionine, therefore, was 
diverted from its lipotropic function to the formation of new protein. 

The importance of the general nutritive state is exemplified in Handler's 
(387) demonstration that choline deficiency will not cause fatty livers in rats 
that are prevented from growing by a diet deficient in minerals. The disorder 
in the depancreatized dog seems to arise from deficient absorption of the pro- 
tective factors usually contributed by protein, chiefly methionine and other 
methylating agents, plus the absorption of some positively noxious compounds 
which increase the demand for these agents. The action of liver extract or 
biotin does not properly belong in the category of deficiency states in the 
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ordinary sense. These materials seem to promote the formation and utiliza- 
tion of fat, thus creating a greater demand for those compounds which facilitate 
its disposal. Longeneckeris (561) suggestion that they promote the synthesis 
of cholesterol is in line with this hypothesis. 

The purpose of the transit of fatty acids through the liver can only be con- 
jectured. The oxidation of fatty acids is largely effected by the tissues without 
demonstrable intervention of the liver. The production of ketones, which will 
shortly be discussed, should not require such a large proportion of the fat which 
is mobilized. Since the tissues can utilize fatty acids only in the form of phos- 
phatides it may be surmised that passage through the liver is a means of assur- 
ing for the tissues a supply of phosphatides, which involves selection of appro- 
priate components from the general melange of fatty acids furnished in the 
food or from the fat depots. If the formation of phosphatides is blocked at any 
point this accumulation of fatty acids in the liver may increase in much the 
same way that glucose accumulates in the blood when combustion of carbo- 
hydrate is impaired. 

The hypolipemia associated with dietary fatty livers has already been men- 
tioned. Unfortunately, the blood serum has been analyzed by only a few ob- 
servers, too often by imperfect methods and without due attention to the lipid 
fractions. Available analyses indicate that the total lipids of the serum are 
decreased at the expense especially of phospholipid and cholesterol ester frac- 
tions (170), the very fractions that accumulate in the liver. Fishier, Entenman, 
Montgomery and Chaikoff (305a) found that radioactive phosphorus, P“, 
found its way rapidly after injection into liver phosphatides. Subsequently 
its concentration diminished in the liver, but increased in the blood plasma 
and extrahepatic tissues. After removal of the liver, the amounts in the kid- 
neys, intestines and muscles were little altered, but the concentrations in the 
plasma declined. This is the most striking evidence that maintenance of the 
supply of phospholipids in the plasma — and presumably to the tissues — de- 
pends upon hepatic activity. 

The fatly /tier of liver injury or disease. Severe injury to the liver paren- 
chyma from any cause appears to invite fatty infiltration of this organ and 
disturbances of serum lipids closely resembling those characteristic of dietary 
fatty livers. In these conditions, though materials are not lacking, the pro- 
cesses by which they are usually utilized are injured. Though these conditions 
can not be rectified as dietary fatty livers can, the injury can be mitigated or 
aggravated by the factors which influence dietary fatty livers. Best, MacLean 
and Ridout (65) were unable to prevent fatty infiltration of the liver from 
phosphorus poisoning by means of choline, but did accelerate the elimination 
of fat from the liver after the poison was withdrawn. By giving large doses 
of choline, 100 mg. per day, to rats they were able to diminish the intensity 
and the duration of the fatty infiltration induced by carbon tetrachloride (39). 
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Goodell, Hanson and Hawkins (359b) have reported that dogs can be protected 
against liver injury from mapharsen by antecedent administration of methio- 
nine. Partial protection is conferred by a single large dose given immediately 
before the injection of mapharsen. According to Winter (968, 969), rats 
poisoned with carbon tetrachloride utilize highly unsaturated fatty acids better 
than they do stearate. Johnson, Ravdin et al (480) found that obstruction 
of the biliary tract causes fat to accumulate in the liver and that this is lessened 
by high protein diets. 

Ollier disorders associated with dietary fatly liters. Fatty liver and hypo* 
lipemia arc only the most obvious and consistent results of the various dis- 
turbances that have been enumerated. If any one of them is sufficiently severe 
or persistent more serious and irremediable lesions appear. Of these the most 
frequent is cirrhosis of the liver. In addition hemorrhages and necroses in tire 
liver and degenerative lesions with hemorrhages and nectoses in the kidneys 
have been described. In depancreatized dogs cataracts have been reported 
(171).“ Reports on the relative incidence of the different types of injuries and 
the compounds to which they respond are conflicting. Deficiency of choline 
can apparently give rise to all the lesions that have been described (108,374, 
375, 376, 941), but can not prevent or relieve them all. Other essentia! or 
noxious materials condition the efficacy of choline. Earle and Victor (254) 
claim that choline benefits the fatty infiltration, but not the cirrhosis of the 
liver. Webster (941) found that cystine aggravated the cirrhosis, but not the 
kidney lesions; while Earle and Kendall (253) consider the latter the most 
specific injurious effect of cystine. As Frame (321) has pointed out, the con- 
flict may arise from differences in the ages of animals and the composition of 
diets employed. Cox, Smythc and Fishback (212), lor example, found thnt 
cystine was nephropathic only for young rats Griffith (371, 372, 37 3, 374, 375, 
376) has demonstrated an exact correlation between fatty infiltration of the 
liver and degeneration of the kidneys. The latter, however, if not extreme, 
is self-terminative after a few days, especially in young rats. It may, there- 
fore, be overlooked if the rats are not examined at the most favorable interval. 
Young animals appear to be more susceptible than mature animals to the 
irreversible lesions of both liver and kidneys (306a, 372). 

XITOGENESIS, THE TORUATION OT fl-HSDROXVBTrrmC ASt> 
ACETOACETIC ACIDS 

The term ketosis or kelonemia is applied to the accumulation in the blood of 
excessive quantities of the ketone bodies, /3-hydroxybutyric acid, acetoacetic 
acid and acetone, the formulae for which are shown in VIH. Kelonurio refers 
to the excretion in the urine of excessive quantities of the same compounds. 

H These may be related to the fatty diarrhea and consequent loss of calcium (see chapter 
on Calcium). 
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Early history. Hirschfeld (452) in 1895 showed that ketonuria occurred 
when insufficient quantities of carbohydrate were oxidized. Stadelmann (858) 
had already recognized the relation between ketonuria and diabetic coma and 
had suggested that the symptoms of the latter were referable essentially to an 
acidosis. For other early studies on ketosis the reader is referred to reviews 
by Magnus-Levy (580) and Shaffer (801). The more recent history of the 
subject has been reviewed by Stadie (859a). 

Because urine gives a reaction for acetone and acetoacetic acid to the usual 
qualitative tests only when oxidation of carbohydrate is greatly retarded, the 
opinion long prevailed that ketone bodies were formed from fat in appreciable 
quantities only when combustion of carbohydrate was inadequate. The forma- 
tion of /3-hydrosybutyric and acetoacetic acids instead of CO* 4- HjO was 
believed to denote incomplete combustion of fat. It was therefore deduced 
that complete combustion of fat required simultaneous oxidation of carbo- 
hydrate, an opinion vividly expressed by Naunyn in the aphorism, “Fats burn 
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in the flame of carbohydrate.” According to this theory the normal processes 
of fat metabolism involved production of 4~carbon compounds which were 
further oxidized to carbon dioxide and water only if enough carbohydrate was 
burned at the same time; otherwise they were converted to ketone bodies 
which were not further oxidized. When it was discovered that in the starving 
or diabetic animal the amounts of ketone bodies excreted were small in propor- 
tion to the quantity of fat burned and that relatively little carbohydrate must 
be oxidized to prevent ketonuria, prejudice was created in favor of those the- 
ories uhich postulated the conversion to acetoacetic acid of a minimal propor- 
tion of the fatty acid molecule. A satisfactory solution of the problem seemed 
to have been reached when Shaffer (801), from data in the literature, calculated 
that the degree of ketonuria in a number of cases could be explained with 
reasonable accuracy on the presumption that each molecule of fatty acid 
yielded one molecule of acetoacetic acid which could be oxidized with the aid 
of one-half molecule of glucose. This so-called hetogenic : antiketogenic theory 
dominated physiological and clinical thought for the better part of two decades. 
In point of fact it should properly be termed the ketolytic theory. 
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The hepatic origin of ketone bodies. It was long assumed and has now been 
demonstrated that ketone-bodies originate only from the fatty acids of fat, 
glycerol following the metabolic pathway of carbohydrate (231) (see also chap- 
ter on Carbohydrate). The allocation of Icetogenesis to the liver, at first little 
more than a supposition, has also been established by experiments. Extra- 
hepatic production of ketone bodies is negligible. Only the liver regularly 
adds ketones to the blood; the muscles and other extrahepatic tissues more 
frequently remove them (4-46). In rats in which ketosis had been induced by 
fasting, administration of phlorizin or anterior pituitary extracts, Harrison 
and Long (400) always found the concentration of ketones highest in the liver, 
lowest in the muscles. Mirsky (631) could not provoke ketonemia in eviscer- 
ated rabbits unless tire liver was left intact. Perfused livers and liver slices 
incubated in vitro produce ketone bodies (202, 261, 263, 264, 488, 717, 860) j 
R espiratory quotients of isolated liver, when the organ is oxidizing chiefly fat, 
are below 0.70, approximating 0-30 (860). If the formation of carbohydrate 
from fat is precluded, such extremely low respiratory quotients must denote 
incomplete oxidation of fatty acids and are compatible with their conversion 
to ketone bodies. 

Isolated slices from organs other than the liver, with the exception of the 
kidney which will be considered later, appear to form no appreciable quantities 
of acetoacetic acid (489, 717, 805a, 860). Quastel and Wheatley (717) attrib- 
ute the failure to demonstrate ketogenesis in tissues to the fact that aceto- 
acetate is oxidized as rapidly as it is produced, a possibility that obviously 
can not be excluded. Cohen and Stark (203), because they could not recover 
large enough quantities of ketone bodies to account for both the acctoacetate 
which had been added and that which had presumably been produced by liver 
slices incubated with acetoacetic acid, concluded that the liver bad ketolytic 
activity. It is, however, equally consistent with the facts to suppose that the 
addition of acetoacetate tended to suppress spontaneous ketogenesis. In 
certain experiments butyric acid had a discernible suppressive effect. Quastel 
and Wheatley (717) concluded that the liver must have little or no ability to 
oxidize ketones because liver slices incubated with butyric acid consumed large 
amounts of oxygen, but produced only small quantities of C0 2 . Mirsky and 
Broh-Kahn (632) found that injected /S-hydroxybutyric add disappeared from 
the Wood of evisceiatedand uephicctomized rats with, equal rapidity- If, then, 
the liver does possess ketolytic activity, it is a subordinate activity; this is 
chiefly or solely a property of extrahepatic tissues. 

Ketone bodies normal products of metabolism consumed by extrahepatic tissues. 
As analytical techniques have gained in precision and sensitivity, ketone bodies 
have proved to be normal components of blood, not products that appear only 
when the metabolism of carbohydrate is disordered. Their concentration 
varies inversely as the quantity of sugar burned, not because the capadty to 
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oxidize them changes, but because their production by the liver is altered. 
Ketones do not bum in the flame of carbohydrate; rather they are substituted 
in the intermediary metabolic processes for products of carbohydrate when the 
supply or the oxidation of the latter is limited. All tissues except the liver 
remove ketones from the blood even when combustion of carbohydrate has 
been reduced to a minimum by pancreatectomy or by phlorizin (175, 248). 
Mirsky and Broh-Kahn (632) found that 0-hydroxybutyric acid disappeared 
with equal rapidity from the blood of eviscerated and of nephrectomized ani- 
mals. Chaikoff and Soskin (175) found that injected sodium acetoacetate 
disappeared from the blood of normal dogs more rapidly than from the blood 
of depancreatized dogs. When, however, the latter were eviscerated, this 
difference was no longer evident. In the intact depancreatized dogs aceto- 
acetate formed by the liver evidently masked the utilization by the tissues of 
the injected acetoacetate. Diabetic animals utilize ketones as rapidly as nor- 
mal animals do (33). Harrison and Long (400) found that ketone bodies were 
consumed so rapidly that they could not be detected in the muscle cells until 
their concentration in the blood was considerably above normal. Barnes, 
MacKay et al (34) showed that the heart-lung preparation oxidized injected 
0-hydroxy butyric acid, in some instances in sufficient quantities to account for 
two-thirds of the oxygen consumed. The utilization of acid, moreover, was 
not appreciably affected by injections of glucose. In similar experiments by 
Waters, Tletcher and Mirsky (940) the utilization of ketones appeared to be 
actually diminished by injections of glucose, as if when sugar was available it 
was substituted for ketones in the metabolic mixture. Because glucose dimin- 
ished the ketonuria induced by either starvation or injections of 0-hydroxy- 
butyric acid, while alcohol did not, Deuel, Hallman and Murray (236) con- 
cluded that glucose must have accelerated the oxidation of the ketone bodies. 
If, they argued, it had merely served as a substitute fuel, alcohol should have 
had the same effect. However, in the fasted animals the reduction of ketonuria 
can be explained by diminished formation quite as well as by accelerated 
combustion of ketones. In the animals injected with 0-hydroxybutyric acid 
glucose may have retarded endogenous ketogenesis. Mirsky, Nelson and 
Grayman (635), in similar experiments on nephrectomized animals estimated 
that glucose had no effect on the utilization of 0-hydroxybutyric acid if proper 
correction was made for endogenous ketogenesis. Stadic, Zapp and Lukens 
(860) showed that, when slices of liver and muscle were incubated together, the 
muscles consumed the ketones produced by the liver. 

Since the blood is never altogether free from ketone bodies (215, 942), 
ketogenesis must be regarded as a normal function of the liver which continues 
under all conditions. Crandall (215) has disputed this because in the fed dog 
the concentrations of ketones passing to and from the liver did not differ appre- 
ciably. This does not necessarily mean that ketones were not being produced, 
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but merely that formation and destruction were proceeding pari passu at ex- 
tremely slow rales. Liver slices from fed rats produce ketone bodies, albeit 
more slowly than liver slices from fasted rats (805a). So long as carbohydrate 
is available and the ability oi the tissues to oxidize it is unimpaired, ketogenesis 
is reduced to minimal proportions. In this state most of the fatty add in the 
metabolic mixture is oxidized directly by the tissues without preliminary 
preparation by the liver. Even in states of carbohydrate starvation the com- 
bustion of ketone bodies is not large enough to account for all of the fat burned 
by animals. Stadic (859) has estimated that in diabetic patients or depan- 
creatized cats these compounds provide only a fraction, possibly not more than 
a third, of the total calories derived from fat. When 0-hydroxy butyric add 
is injected into the animals its utilization increases as its concentration in the 
blood rises, but at a continually diminishing rate, until a point is readied be- 
yond which further injection does not affect utilization (635, 940). From the 
rates at which injected acetoacetate was utilized by humans, Koehler, Windsor 
and Hill (519) calculated that it could never supply all the calories required 
for sustenance. Wick and Drury (955) from similar experiments on rabbits 
came to the same conclusion. Heart-lung preparations (216) and tissue-slices 
from diabetic animals (449, 738) have respiratory quotients approximating 
0.71, indicating that they can subsist entirely upon fat, although there is no 
evidence that they can manufacture appreciable quantities of acetoacetic add. 
The starved liverless animal also subsists upon fat. 

In man, starvation or removal of carbohydrate from the diet provokes dis- 
tinct ketonuria— i.e. a state in which ketones are produced faster than they 
can be consumed. In the dog, which is inured to a diet of protein and fat, the 
concentration of ketones in the blood rises perceptibly during starvation, but 
seldom attains great enough proportions to cause ketonuria — i.e. to exceed 
the oxidative powers of the tissues (215). The rat occupies an intermediate 
position. All animals develop intense ketosis if combustion of carbohydrate 
is abrogated by administration of phlorizin or remoxal of the pancreas. The 
impression is given that, when the tissues do not receive or can not bum enough 
carbohydrate, ketone bodies are substituted in the intermediary metabolism 
of tire tissues. Edson and Leloir (264) and Jowett and Quastel (490) have 
reported that the aerobic destruction of acetoacetic and 0-hydioxybutyric adds 
by tissues is inhibited by malonate, fumarate, lactate, alanine and pyruvate. 

In the light of the accumulated evidence the ketoly tic hypothesis that glucose 
aids the oxidation of ketone-bodies is no longer tenable. Ketosis t's a condition 
in which the liier produces acetoacetic and (S-kydroxybutyric acids more rapidly 
than they can be burned by the tissues. 

Knoop's fl-oxideiion theory and objections to tl. The first suggestion of the 
process by which acetoacetic and 0-hydroxybutyric adds derived from fatty 
acids was offered by Knoop (515). From a study of the products excreted 
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by animals after the administration of phenyl-substituted fatty acids, he de- 
duced that these compounds were oxidized at the carbon which is in the 0- 
position with respect to the terminal carboxyl group. Dakin (219), from an 
extension of Knoop’s investigation proposed that fatty acids in general were 
oxidized at the 0-carbon, after which the two terminal carbons were sloughed 
off, leaving an acid shorter by 2 carbons than the original. This process was 
successively repeated with the loss of 2 carbons at a time until there remained 
a 4-carbon residue which was oxidized again at the 0-carbon to 0-hydroxy- 
butyric or acetoacetic acid. It followed that from each molecule of fatty acid, 
no matter how long it might be, only one molecule of ketone-acid was formed. 
Since this reduced to a minimum the quantity of ketones derived from fat, it 
lent itself to theories which linked the combustion of these bodies with the 
oxidation of carbohydrate. 

The nature of the process by which the major portion of the fatty acid was 
oxidized was never elucidated. The simplest supposition, that the 2-carbon 
groups were split off as acetic acid, proved untenable when Friedmann (330) 
reported that the perfused liver could convert acetic to acetoacetic acid. More- 
over, neither acetic acid nor any other 2-carbon compound has been demon- 
strated in liver, blood or tissues during states of ketosis (859). The successive 
removal of 2 -carbon groups also implied the formation in the livers of animals 
with high degrees of ketosis of large quantities of short chain fatty acids which 
could not be demonstrated (467). 

The multiple alternate oxidation theory. Insurmountable objections to the 
Knoop-Dakin hypothesis of 0-oxidation were encountered. The yield of ketone 
acids produced by the action of fiver slices from fatty acids exceeds the pre- 
dictions of this hypothesis (489, 541, 862). The ratio of oxygen consumed to 
ketones produced by perfused livers (86) or liver slices (861) of diabetic animals 
is too low. Isoroolecular quantities of the sodium salts of 0-hydroxybutyric 
and acetoacetic acids and of all the straight chain aliphatic acids from propionic 
through caprylic w ere fed to fasting rats by Butts, Cutler, Hallman and Deuel 
(157). The excretion of ketones after butyric (C«) and caproic (C«) acids was 
of the same order of magnitude as the excretion after 0-hydroxybutyric or 
acetoacetic acid, but caprylic acid (Cg) yielded about twice as many ketone 
bodies per molecule. Deuel and associates (234) ascertained that ethyl palmi- 
tate, stearate and oleate gave rise to more ketones than did equivalent amounts 
of caprylate and la urate, indicating that each molecule of these longer acids 
formed at least 3 molecules of acetoacetic acid. All these experiments com- 
pelled the conclusion that all the carbon atoms of fatty adds, not merely the 
terminal 4, participated in the formation of acetoacetic and 0-hydroxybutyric 
acids. This led Hurtley (467) to propose his alternate multiple oxidation 
theory. This retained the general prinriple of 0-oxidation, but proposed that 
alternate carbon atoms are simultaneously oxidized throughout the whole 
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length of the fatty acid, which thereupon breaks down at one motion to ketone 
bodies. As Stadie (859) pointed out, in his brilliant review of the subject, this 
hypothesis accounts quantitatively for the proportion of ketone bodies formed 
from fatty acids, while Knoop's hypothesis docs not. The conception that a 
molecule may disintegrate under the influence of enzymes by rupturing at 
several points simultaneously is not unprecedented. This is the normal man- 
ner in which glycogen is broken down to glucose phosphate without the forma- 
tion of polysaccharides of intermediate size. 

/3 -oxidation utth coupling oj acetic acid . As early as 1913 Friedmann (330) 
reported that when the liver was perfused with fluids containing acetic acid the 
yield of ketones increased. MacKay et al (569), because acetic arid exagger- 
ated the ketosis of phlorizinized and fasting rats, proposed, instead of multiple 
alternate oxidation, that fatty acids are broken down by successive /5-oxidation 
into acetic acid fractions which aie then coupled to form acetoacetic arid. 
This theory conforms to the quantitative data quite as well as the multiple 
alternate oxidation theory docs. It was rejected by Hurtley (467) and Stadie 
(859) because neither the acetic arid nor the short chain fatty acids which it 
predicated could be detected in blood or organs (862). Moreover, acetic arid, 
when incubated with liver slices, does not form one-half as much acetoacetic 
acid as an cquimolecular quantity of butyric acid, which it should do if the 
butyric acid were broken to acetic before it formed acetoacetic arid. In fact, 
the quantities of acetoacetate produced from acetic add are quite small, al- 
though there can be no doubt from the oxygen-consumption it induces that 
acetic acid is utilized by liver slices (489, 541). Weinhouse, Medes and Floyd 
(942a), however, investigated the subject by incubating liver slices with «- 
octanoic arid in the carboxyl groups of which heavy carbon, C 11 , had been 
incorporated The quantities of C 1 * recovered in the acetoacetic arid formed 
by the slices proved indubitably that this compound must have been formed 
by coupling of 2-carbon compounds. By similar studies with Labeled butyric 
acid the same authors (621a) found that most of the butyric acid was broken 
down to acetic acid and then recoupled to form acetoacetic acid. A small 
portion was probably converted to acetoacetic arid by direct oxidation of the 
/3-carbon. A fraction apparently formed compounds other than ketones orwas 
used for other purposes. Finally, when carboxyl-)abeled acetic acid was in- 
cubated with liver slices it was found that 41 to 45 per cent of the total aceto- 
aeetatc formed came from the isotopic acetate; the remainder came from con- 
stituentsof the liver slices, which also formed some acetate (942b). From other 
evidence that has now accumulated, failure to detect acetic add can be attrib- 
uted to the extreme reactivity of this compound. The absence of short chain 
acids suggests that the production of ketone acids from fatty adds does not 
proceed by successive step-wise /3-oxidation, but probably by a general dis- 
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integration of the whole molecule, like that postulated in the multiple alternate 
oxidation theory 

A step-wise 0-oxidation can not be altogether excluded in view of the original 
experiments of Knoop (515) and Dakin (219) and the more recent demon- 
stration by Stetten and Schoenheimer (872), with the aid of deuterium, that 
stearic acid (C«) can be converted to palmitic acid (Ci S ) which can, in turn, to 
a slight extent be further degraded to lauric (Cm) and myristic (C u ) acids. 
This step-wise process of 0-oxidation may be more significant for transforma- 
tions and adjustments of fatty acid mixtures in the body than for the oxidation 
of these acids. Stetten and Schoenheimer (872) have shown that the reaction, 
stearic to palmitic acid, is reversible. It is even possible that oxidation may, 
at times begin at the opposite end of the chain (w- oxidation) (307, 921) or at 
both ends (859a, 938, 972). 


IX 

CHj(CH»)j»C00H+70j > 8CH,COOH ► 4CH,COCH i COOH+4H,0 

palmitic acid acetic acid acciaactlic acid 

The reactions involved in the formation of acetoacetic from palmitic acid 
are represented in IX. From the quantitative standpoint multiple alternate 
oxidation and 0-oxidation with coupling of acetic acid units yield equal amounts 
of acetoacetic acid. 

The utilization oj even carbon fatly acids ( obligatory and facultative kelogens). 
The even carbon acids through capric (Cio) can be used to form neither fat 
(742) nor carbohydrate (231). They have, therefore, no alternative but to be 
converted to ketones. In the experiments of Deuel et al (157, 234) the even 
carbon acids through caprylic caused as much ketonuria as did equivalent 
amounts of acetoacetic or 0-hydroxybutyric acid. MacKay, Wick and Bar- 
num (573) found that the even carbon acids from C< to Cio inclusive provoked 
ketonuria in rats even when sucrose was given simultaneously, whereas sucrose 
prevented ketonuria from acids with 12 or more carbons. The loDger even 
carbon acids, besides forming ketones, can be stored in the fat depots or burned 
directly by the tissues. The quantity of ketones formed from them will, 
therefore, depend upon the demand for these compounds in the metabolic 
mixture. In the experiments of MacKay et al (573) the livers of the rats that 
received short chain adds were replete with glycogen, while there was com- 
paratively little hepatic glycogen in those that received long chain acids. The 
former, having no choice but to bum the short chain adds via ketones, used 
them as fuel to spare sucrose; the latter burned sucrose and used the long chain 
acids to make fat which they stored in their depots. 
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The metabolism of odd carbon fatty acids. The disposition of odd carbon adds 
has little physiological significance as far as the common fats of food are con- 
cerned because these, as well as the fats synthesized by animals, contain almost 
exclusively fatty acids of the even carbon series. It has, however, been con- 
ceived that diabetics might be able to utilize odd carbon fatty acids for fuel, 
thus escaping ketosis (494, 916). Actually the use of fats of this nature proved 
impracticable because they are expensive, unpalatable, and have such high 
melting points and low solubilities that they are not easily digested or ab- 
sorbed (50). Furthermore, there is no certainty that they could be utilized 
by the diabetic animal without the formation of ketones if they were absorbed. 
Although liver slices produce ketones more readily from even than from odd 
carbon fatty acids, the latter are not altogether devoid of ketogenic activity 
(489, 541, 717). The sodium salts of propionic (Cj), valeric (C») and heptoic 
(Ci) acids, when fed to rats by Butts, Cutler, Hallman and Deuel (157), caused 
definite, but negligible, ketonuria. Subsequently it was shown that these acids 
were used to form glycogen (231). Deuel and his associates (234) were later 
unable to demonstrate ketogencsis from the ethyl esters of the same acids 
(234). When, however, MacKay, Wick and Bamum (574) repeated these 
experiments, propionic acid (C») was without effect; but valeric (Ci), heptoic 
(C7), pelargonic (C») and undecylic (Cn) increased ketonuria slightly, but un- 
mistakably. At the same time all 5 of these acids formed glycogen. The odd 
carbon acids arc not incapable of forming ketones, but can also be converted 
to glycogen. Either there are tw 0 opportunities open to them, of which trans- 
formation to carbohydrate is usually given the preference, or they form both 
ketones and glycogen, the latter in larger proportions. The latter appears 
more likely, the glycogen, as w ill be shown below, being derived from propionic 
acid. Since, in Deuel's (231) experiments oleic acid formed no glycogen, this 
acid can not be broken to any extent at the double bond, for this would yield 
nonylic acid which is glycogenic. 

The general course of the utilization of simple straight chain fatty acids is 
shown diagrammatically in figure 38. 

KctogcJiesis from amino acids and miscellaneous organic acids ( the formation 
of fat from protein). It has been rather generally asserted that some of the 
deaminated residues of amino adds that are not utilized for the formation of 
carbohydrate are converted to fat. Tins was the basis, under the old concep- 
tion that combustion of fat was linked with that of carbohydrate, for the 
estimation of the ketogenic and antiketogenic values of protein. Shaffer (801), 
for example, calculated that 1 gram of protein gave rise to from 0.3 to 0.4 gram 
of /9-hydroxybutyric acid. The data on which such estimations depended are 
extremely scanty. Since short chain fatty acids can not be built into longer 
chains, the idea must be abandoned that fat per se can be formed by any other amino 
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add residues than those that are first converted to carbohydrate or can yield acetic 
acid. 

In 1906 Embden and associates (270) demonstrated that the perfused liver 
added ketones to the blood. When leucine, tyrosine or phenylalanine was 
added to the perfusion fluid the yield of ketone-bodies increased. Other 
straight chain amino acids and a number of other compounds containing the 
benzol ring were without effect (271). Edson (262) reported that liver slices 
produced acetoacetic acid from leucine, norleucine, valine and «-aminobutyric 
acid. Cohen (202), however, verified the ketogenic activity of leucine only. 

Cohen also investigated systematically the formation of acetoacetic acid by 
liver slices from a great number of compounds, with results that are summarized 
in table 20. From this table it can be seen that the introduction of an amino, 
hydroxy or ketone group in the a-position has the effect, so far as ketogenesis is 
concerned, of shortening the chain by one carbon. That is, the even carbon 


Even C fatty acids, Cu or longer - 


Storage in fat depots 
Direct oxidation by tissues 


Even C fatty adds, Cm or shorter ‘Ketone-bodies 


Odd C fatty adds * Liver glycogen 

Fig. 33 The mode of utilization of fatty adds 


acids lose ketogenic activity, w hile the odd carbon acids acquire it. Cohen has 
deduced from this that the process of deamination is accompanied or followed 
by loss of the terminal carboxyl group and carboxylation of the a-carbon, thus 
forming a fatty acid shorter by one carbon than its parent amino acid, in the 
following manner: 

X 

CH» - CIIj • CHj • CH(NH») • COOH + O ► Cn,-CH,-CH,-CO-COOH -f NH, 

a-ami no valeric add a-ketovaleric add 

CH,-CH,-CH,-CO-COOH + O, ► CHi-CO- CHi* CO • COOH + H,0 

o-keto valeric acid a-Y-keto valeric acid 

CH,-CO-CH,-COCOOH + O » CH,*CO CH,-COOH + CO, 

a-Y-he to valeric add acetoacetic acid 

The process of /3-oxidation in this case, instead of beginning beta to the ter- 
minal carbon, begins beta to the amino, keto or hydroxyl group. Methybtion 
or ethylation of the a-carbon seems to block /3-oxidation. Wick (954) was 
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unable to induce ketosis in rabbits by giving them a-methylbutyric, a-ethyl- 
butyric or a-melhylvaleric add. 

Of the branched fatty adds Cohen (202) with liver slices found isovaleric 
ketogcnic, while the corresponding or-amino acid was not. . Acctoacetic acid 
was formed from a-aminoisocaproic acid, a transformation that could be most 
easily effected by a combination of dcmcthylation with carbovylation of the 
a-carbon to yield butyric acid. By a similar process «-aminoisobutyric add 
should yield acetic add, but this could not be determined because the substi- 


TABLE 20 

The Formation or Acetoacetic A cm by Liver Slices erom Various Compounds, irom 
Couen (202) 


NAWC or COKPOVXD 

roivoiA 

CCTMS 

Normal saturated fatty acids 



Acetic 

C1LCOOII 

slight 

Propionic 

CHiCIbCOOIi 

0 

Butyric 

Cir,CH,CH,COOH 

+ 

Valeric 

ClbCHrCHrCH.COOlI 

0 

Caproic 

CH.CIbCIIrCH.CHrCOOH | 

+ 

Normal a-amino acids* 



a-atnino butync 

CHjCHjCH(NHt)COOU 

toxic 

a amino valeric 

CIIjCnjCHjCH{Nlfj)COOH 

+ 

a ammo caproic 

CHjCH.CHiCH,CII(NH»)COOH 

0 

Branched fatly acids 



isovaleric 

(CHjJiCIICIIjCOOH 

+ 

Branched fr-annno acids* 



a-amino isobutyric 

(CHj)jC(NIfi)COOH 

toxic 

a ammo isovalenc 

(CH,)-CI ICH (NHi) COOH 

0 

o, -amino isocaproic 

{CHj)iCHClI.CH{NHj)C001I 

+ 


* <*-h> droxy anclo-heto adds behave like a-amino adds 


tuted Isobu lyric acids proved toxic. Lang and Adickes (529) reported that 
/3-methylbutyric (isovaleric), /3-methylvaleric and ■y-methylvaleric (isocaproic) 
acids formed acetoacetic, while isobutyric, a-methylbutyric and a-methyl- 
caproic did not Wick (954) in the living animal confirmed these observations 
with one exception: a-methylcaproic acid appeared to be ketogenic. These 
findings are compatible neither with Cohen’s observations nor his hypothesis. 
Wick believes they are compatible with the theory of 2 -carbon cleavage, but is 
somewhat at a loss, even on this prindple, to explain the formation of aceto- 
acetic acid from a-methylcaproic. These contradictions with respect to 
branched chain adds need to be resolved. 
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According to Edson (263) most dicarboxylic acids are not ketogenic. Oxalic, 
in concentrations so low that it did not interfere with the respiration of liver 
slices, seemed to be an exception. Desaturation does not appear to influence 
ketogenesis since crotonic acid, CHj-CH — CH-COOH, and sorbic acid, 
CHj-CH = CH-CH = CH-COOH, yielded acetoacetic acid freely with liver 
slices (202, 490). 

In view of all the conditions imposed upon the ketogenic process by substi- 
tution in fatty acids, it is obvious that amino acids must contribute a small 
quota. It seems likely that only leucine, tyrosine and phenylalanine yield any 
ketone bodies. The two last occupy a unique position. Apparently, if they 
are first converted to homogentisic acid, their benzene rings can be broken 
and the resulting straight chain compounds yield acetoacetic acid (see chapter 
on Amino Acids). 


XI 

CH,-CH,-CH,-CH,-CH,-CH,-COOH + 30, > 

heptylic acid 

HCO-CH,-CO-CH,-CO-CH,-COOH + 3H,0 

HCO-CH,- CO-CH, • CO • CH,- COOH + 3H,0 » 

HCO-CH.-COOH + CH» • CO • CH, • COOH + 2H,0 
0-ketopropionic acetoacetic acid 

arid 

i l 

glycogen ketones 

Antiketogenic compounds. In both living animals and with liver slices cer- 
tain substances that form glycogen appear not only to form no acetoacetic acid, 
but actually to inhibit its formation from potentially ketogenic compounds. 
Among fatty acids the chief of these is propionic acid or substances which are 
converted to propionic acid in the normal processes of metabolism. Edson 
(263) has suggested that the reciprocal relation between ketogenesis and glyco- 
genesis may arise from competition between substrates for a common enzyme 
system. This hypothesis has been further developed by Cohen (202), who has 
proposed that the /3-oxidase system responsible for the formation of ketones 
from even carbon acids acts equally upon odd carbon acids, but in the latter 
case produces derivatives of propionic add that form glycogen instead of 
ketones. This would explain, without the necessity of proposing alternative 
a- or 7 -oxidation (488), the slight ketosis induced by members of the odd carbon 
series of adds (488, 573). For example: 

The relations between the ketone bodies. It is rather generally conceded that 
acetone is produced in small quantities, probably from acetoacetic acid, by an 
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irreversible reaction. Iiut little acetone is found in the blood or tissues of 
animals after injections of acetoacetic or 0-bydroxybutyric acid (327, 519). 
The formation of /3-hydroxybutyric acid from acetoacetic, which has been 
demonstrated repeatedly in the living animal and in liver slices (490, S19), 
appears to be freely reversible (264, 488, 490). There is no evidence that the 
two compounds are treated differently in the living animal. Stadie, Zapp and 
Lukens (860) showed that, when slices of liver and muscle were incubated 
together, the ketones produced by the former were freely utilized by the latter. 
Nevertheless, minced cat muscle utilized aceloacetate, but not ^-hydroxy- 
butyrate. The ability of intact animals to utilize injected /3-hydroxybutyrate 
has been demonstrated repeatedly (235, 635, 660). It might be inferred that 
/3-hydroxybutyratc can be burned by muscle only after it is converted to aceto- 
acetatc by the liver. It would be inept, indeed, for the liver to convert more 
than half of the acetoacetic acid it produces to a compound that could not be 
utilized, only to be put to the pains of reversing the process later. It is, how- 
ever, unnecessary to entertain such an hypothesis since /3-hydroxybutyrate is 
utilized freely by e\iscerated animals. 

The tw o ketone bodies seem to be formed by the liver in the same proportions 
in which they appear in the blood stream (213, 214, 490). In dogs, monkeys 
and man with ketosis about 60 to 70 per cent of the ketones in the blood con- 
sists of /3-hydroxybutyrate. Crandall (213, 214) claims that in dogs and man 
the proportion tends to vary directly with the total concentration of ketone 
bodies. This relationship was, however, clearly demonstrated in only one set 
of experiments in which ketosis diminished during administration of glucose. 
The proportion of acetoacetic acid to /3-hydroxybutyric produced by li%-er slices, 
according to Shipley (805a), varied directly with the amount of oxygen in the 
atmosphere in which the tissue was incubated. Friedcmann (328) found that 
the ratio, /3-hydroxybutyric acid: total ketone bodies, in the blood of men and 
monkeys was quite constant, but the same ratio in the urine bore a fairly close 
logarithmic relation to the intensity of the ketosis. This correlation depended 
upon the fact th at the k idneys excrete /3-hydroxybu lyric acid w ith more facility 
than they do acetoacetic. 

About the order of origin of acetoacetic and /3-hydroxybutyric acids there 
is no certainty, but precedence is usually conceded to the former. Jewett and 
Quastel (488) favor this view because aceloacetate is formed more rapidly 
than /3-hydroxy butyrate from butyric acid by liver slices. Furthermore, when 
mixtures of butyric and crotonic acids were incubated with liver slices, less 
acetoacetate was formed than might have been expected if the effects of the 
two acids were addithe; whereas, when either of these acids was combined with 
/3-hydroxybulyrate, as much acetate was formed as if both bad been added 
separately; their effects w ere additive. This suggests that butyric and crotonic 
acids compete for a common enzyme system of which / 3 -hjdroxybutyric add is 
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independent. The reactions are, therefore, pictured by Jowett and Quastel 
in the following manner: 

Fatty adds 

i 

0-bydroxybutyric add acetoacetic acid — * acetone 

The causes of ketosis. In general the production of acetoacetic acid seems to 
increase when the quantity of carbohydrate in the metabolic mixture is low and 
large proportions of fat are being burned. The exact function with which keto- 
genesis is linked can not be ascertained until something is known of the enzyme 
systems involved. The controlling factors must, however, reside in the liver, 
since the production of ketone bodies by liver slices can be retarded or acceler- 
ated by measures similar to those which influence it in the intact animal (860). 

The problem has been approached by in vitro experiments with liver slices. 
Such preparations form ketones more rapidly if the slices are taken from fasted 
animals (203, 539). In the experiments of Stadie, Zapp and Lukens (860) the 
production of acetoacetate from preformed fat by liver slices was slightly 
diminished by the addition of fructose. This reproduces relatively normal 
conditions in which the tissue is permitted tb exercise a preference between 
natural alternative fuels. Others have confined their attentions chiefly to the 
short chain acids. The liver has no choice but to expend these compounds 
immediately or to convert them to carbohydrate or ketones. Moreover the 
disposition of short chain fatty acids has a limited significance because these 
acids are minor elements in the metabolic mixture. The conversion to ketones 
of the even carbon acids of this class may be retarded by the addition of pro- 
pionic acid or of other odd carbon fatty acids that form propionic. The in- 
hibitory action of these substances may depend, not on the fact that they can 
be converted to glycogen, but that they compete with the even carbon acids 
for a common enzyme system (202, 263) . The addition of glucose to liver slices 
by Quastel and Wheatley (717) did not affect the formation of ketones from 
butyric acid, although glycogen did seem to have a slight antiketogenic effect. 
The latter was not confirmed in subsequent experiments (718). Bobbitt and 
Deuel (109) have reported that glycogen reduces not only the production of 
acetoacetate from butyrate, but also the concentration of butyrate in the liver. 
This they interpret as evidence that glycogen promotes oxidation of ketone 
bodies by the liver. The variability and overlapping of the data detract from 
their significance. Other observers have detected little ketolytic activity in 
the liver. The subject has only a minor bearing upon the place of ketones 
in the economy of the body as a whole, in any case, since the oxidation of ke- 
tones by the liver can serve only the private metabolic requirements of that 
organ. 
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In the slatting human gross ketonuria appears when respiratory quotients 
and nitrogen excretion indicate that preformed carbohydrate is exhausted and 
tire subject is subsisting entirety upon protein and fat (51). (Compare figure 
39 with tables 26 and 28.) Exhaustive studies of starved rats by Butts, Deuel 
and their associates (155, 159, 160, 231, 236, 737) and others (570, 571, 574, 631, 
955) have revealed that almost without exception substances that promote 



Fig. 39 Ketosis and acid excretion during a thirty-one-day fast. (Data from Benedict 
(SI)). 


hepatic glycogenosis are antiketogenic. In the depancreatteed dog Miisky, 
Ileiman and Broh-Kahn (634) allayed ketosis by injecting glucose in quantities 
large enough to cause deposition of glycogen in the liver. 

There is much to suggest, however, that neither the quantity of glycogen in the 
liver nor the rale at which it is produced is the specific factor that controls biogenesis; 
but that it is the assumption by protein of the responsibilities of carbohydrate. 
During starvation gross ketosis does not develop gradually as glycogen becomes 
depleted, but rather rapidly after the metabolism has been turned over to 
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protein and fat. In the liver slices of Stadie, Zapp and Lukens (860) the 
formation of acetoacetic acid was only slightly diminished by fructosej but was 
greatly retarded when insulin also was added, though insulin did not affect 
the formation of glycogen. If compounds other than glucose can not be con- 
verted to glucose without first becoming glycogen, glycogenesis can not be the 
antiketogenic factor, else ketosis would not occur in the diabetic animal which 
converts to glucose everything that can form sugar. When glucose was in- 
jected into depancreatized dogs by Mirsky, Heiman and Brch-Kahn (634), 
production of glycogen was not the sole consequence; protein destruction 
diminished simultaneously, although it is doubtful whether any considerable 
proportion of the injected sugar was oxidized. Hypophysectomized (669) 
and adrenalectomized (659) animals are not peculiarly susceptible to ketosis, 
although their hepatic glycogen becomes rapidly depleted if they are not con- 
tinuously supplied with exogenous carbohydrate. 

Ketosis is regularly associated with accelerated destruction of protein; 
nevertheless, mere acceleration of protein catabolism does not cause ketosis. 
So long as animals receive small quantities of carbohydrate they can subsist on 
extremely high protein diets without developing abnormal ketonemia. This 
appears only when preformed carbohydrate is not available and becomes 
maximal when the tissues are unable to bum carbohydrate derived from pro- 
tein. In the dog ketone bodies in the blood increase slightly as fat assumes a 
greater part of the burden of metabolism (215). In the rat MacKay et al 
(571) found that the intensity of fasting ketosis was inversely proportonal 
to the quantity of protein in the antecedent diet and to the nitrogen excreted 
during the fast. This protein was, however, in a sense exogenous protein. 
Under the conditions of these experiments ketosis appeared to be directly 
correlated with the proportion of fat in the metabolic mixture. Again, how- 
ever, the correlation was more or less fortuitous. The actual quantity of fat 
burned can be varied widely without affecting ketogenesis, provided small 
quantities of carbohydrate are also utilized (236, 801). This it was that lent 
credibility to earlier ketolytic theories. 

In the chapter on Not Nitrogen Metabolism it is pointed out that, so long 
as small amounts of carbohydrate are given, animals or men can derive their 
calories chiefly from fat without increasing the expenditure of protein. To this 
one might add, and without developing ketosis, because wastage of nitrogen 
and ketogenesis parallel one another closely. If no carbohydrate is given the 
catabolism of protein can never be reduced to a minimum because a certain 
quantity is used to provide carbohydrate. But so soon as tissue protein is 
wasted for this purpose ketone excretion increases, as if the 4-carbon groups 
were also being interpolated as a substitute for carbohydrate, possibly thereby 
relieving protein in some measure. When a fast is broken by carbohydrate 
alone (see figure 39, tables 26 and 27) in quantities insufficient to meet any 
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large proportion of the caloric needs, ketosis disappears and simultaneously 
nitrogen excretion falls with great rapidity. Although muscular exerdse 
requires the combustion of extra fuel it has little more effect on ketosis than it 
has on protein catabolism; at least formation of ketones docs not appear to 
increase in proportion to the total metabolism or the combustion of fat (31, 33). 
Somogyi and Kirstein (838) found that the ketones of the blood rose in patients 
during 4 hours of artificial, fever at temperatures of 40 to 41°C., especially if 
the subjects were in the postabsorptive state. The ketogenesis could, however, 
be prevented by the slow injection of 100 grams of glucose throughout the 
course of the treatment. Ketogenesis was accelerated, not because oxidations 
increased, but because carbohydrate was more rapidly expended. 

When the evidence is all summed up it seems to indicate that ketogenesis 
increases uhen protein assumes the Junctions of carbohydrate, including the form- 
ation of hepatic glycogen. So long as the tissues can utilize the carbohydrate 
formed from protein, protein seems to have an antiketogenic action; protein 
catabolism and ketosis are inversely related. Body proteins arc not extrava- 
gantly consumed. Therefore, when exogenous protein is not supplied protein 
catabolism proceeds at a comparatively slow rate and ketogenesis rises propor- 
tionally. When the oxidation of carbohydrate by the tissues is impaired by 
phlorizin or by removal of the pancreas, destruction of protein increases rapidly 
in an apparent effort to meet the demands of the tissues for carbohydrate. 
At the same time ketosis also increases, perhaps, as has been suggested, to 
supply the tissues with a substitute for the intermediary products of carbo- 
hydrate metabolism. Under these circumstances ketogenesis and protein 
catabolism arc directly related. The connection of ketogenesis to liver glyco- 
gen per se, if this hypothesis is correct, would not be altogether adventitious, 
but would be somewhat indirect. If carbohydrate is forming liver glycogen, 
provision of carbohydrate becomes a minor function of protein. The details 
of ketogenesis and the exact chemical reactions by which it is conditioned will 
be more completely elucidated when more is known of the enzyme systems 
concerned with /3-oxidation, deamination and formation of carbohydrate from 
protein. 

There is evidence that acetic acid derived from acetoacetate can combine 
with oxaloacetic acid to form ds-aconitic acid and can, thereby, participate 
in the tricarboxylic acid cycle of aerobic carbohydrate metabolism (sec figure 7 
in the chapter on Carbohydrate). This would provide a reason for its increased 
production when carbohydrate combustion is reduced or impaired It could 
be substituted for carbohydrate products derived from protein or could replace 
such products in the tricarboxylic cycle when their production from carbo- 
hydrate and protein was blocked by the absence of insulin. One might specu- 
late on these grounds that the formation of acetic arid from pyruvic arid may 
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be a more important reaction than had been supposed and that it is this reaction 
that is implemented by insulin. 

Not only the formation of ketone bodies, but the combustion of fat as a 
whole is conditioned upon the metabolism mixture to which an animal has 
become adapted. This is illustrated by the experiments of Stetten and Boxer 
(116a, 870a) which were cited above. The well-fed animals routed a relatively 
small proportion of administered glucose through liver glycogen; what was not 
rapidly burned in the tissues was converted to fat. The starved animals, on 
the other hand, used the major portion of administered glucose to replenish 
their depleted glycogen stores. A t the same time they must have been supply- 
ing their fuel requirements largely from fat. Roberts and Samuels (742a) 
subjected to starvation rats which had previously received either carbohydrate- 
free or fat-free diets. Those who had received no carbohydrate developed 
ketosis during the first 36 hours of starvation; while those who had received 
no fat did not display ketosis during this period. The latter evidently con- 
tinued to burn carbohydrate preferentially until their hepatic glycogen stores 
were depleted. When the same procedure was carried out on hepatectomized 
animals (742b), the rats fed no fat rapidly succumbed to hypoglycemic con- 
vulsions, while those who had received no carbohydrate survived longer and 
finally died without convulsions. The former evidently continued to bum 
carbohydrate, even when the only supply available was the small amount in 
blood and extrahepatic tissues; the fat-fed rats burned fat, preserving their 
scanty reserves of carbohydrate. Since their livers had been removed, none 
of the rats of either group had any ketosis; the fat consumed by the carbo- 
hydrate-free rats must have been oxidized directly by the tissues. 

Although the rate oj ketogenesis can apparently be accelerated almost indefinitely, 
the capacity of the tissues to oxidize ketone bodies is distinctly limited (635, 956); 
acetoacetate and 0-hydroxybutyrate, therefore, heap up in the blood and escape 
in the urine. The accumulation of these substances in the circulation in the 
concentrations in which they are encountered in disease would probably be a 
matter of no great moment, since they are relatively innocuous, were it not that, 
as acids, they rob bicarbonate and other buffers of the body of base and carry 
this with them into the urine, thus creating an acidosis with all its attendant 
evils. This aspect of the subject will be discussed at length in the chapters on 
Ammonia, Water, Sodium and Bicarbonate and Acid-Base Equilibrium. 

Of the enzyme-systems and intermediary chemical reactions involved in the 
utilization of fat by the liver, little is known beyond the bare fact that the 
production of ketone bodies involves the formation of acetic acid. Munoz and 
Leloir (653) have shown that the system by which fumarate, crotonate, valer- 
ate, hexanoate and octanoate are oxidized requires fumarate, adenylic acid 
and the cytochrome system. The reactions involve phosphorylation. They 
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found that this system did not act upon formate, acetate, propionate nor the 
even carbon fatty acids above octanoate. Lchninger (536a) also found that 
adenosine triphosphate is required for the oxidation of fatty acids by homog- 
enized preparations of liver. 

THE METABOLISM OF STEROIDS BY TIIE LIVER 

With respect to steroids the liver exercises at least three functions: (1) the 
excretion of chotcsterol in the bile, (2) the formation and excretion of cholic 
acid, (3) the destruction or inactivation by conjugation of steroid sex hormones. 
In addition there is inferential evidence that the liver cstcrifie3, synthesizes, 
stores and destroys cholesterol. 

The excretion oj cholesterol in bile. After intravenous injection of deuterio- 
cholesterol into a bile fistula dog, Bloch, Berg and Rittenbeig (88) recovered 
deuterium in the cholesterol of blood and most of the organs, the feces and the 
bile. Its concentration was especially high in the liver, about twice as high as 
in the blood. Bile and blood contained about the same concentrations. From 
this the authors concluded that the liver acted only as an excretory organ as 
far as biliary cholesterol is concerned. The authors almost seem to imply that 
cholesterol enters the bile by a simple process of filtration, which would be quite 
extraordinary behavior for so large a molecule as cholesterol. The facts war- 
rant only the statement that the liver has the capacity to accumulate choles- 
terol and liberates it into blood and bile at a relatively constant and equal rate. 

The storage of cholesterol. The accumulation of cholesterol in the liver when 
this substance is given to animals has already been described in the discussion 
of dietary fatty livers. If large quantities of chotcsterol are given to animals 
the substance accumulates only in the liver and largely as cholesterol esters, 
suggesting that this organ disposes of cholesterol and that esterification is an 
important step in its metabolism. Like other features of the fatty liver the 
accumulation of cholesterol can be prevented or mitigated by measures that 
promote the free production of phosphatides. The metabolism of cholesterol, 
like that of fat, appears to be blocked in the liver if the turnover of phosphatides 
is prevented or retarded. 

The destruction of cholesterol. In biliary obstruction both free cholesterol 
and its esters in the blood rise, especially the former (187, 284, 342, 406, 413). 
If the obstruction persists the disproportion between free and ester forms 
increases. This can not be attributed solely to failure of the liver to excrete 
cholesterol into the bile because the amount of cholesterol excreted by the 
intestines is increased in states of acholia and exceeds the quantity usually 
excreted in the bile (342, 413). Furthermore, Gardner and Gainsborough 
(342) state that production of a biliary fistula has the same effect as biliary 
obstruction. If excretion in the bile were essential to the maintenance of nor- 
mal blood cholesterol, biliary cholesterol should vary with dietary cholesterol, 
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which most observers agree is not the case (244, 342). Wright and Whipple 
(976) reported slight increases in the bile of bile-fistula dogs after administra- 
tion of cholesterol, especially with egg-yolk and bile salts, but the increments 
were small compared with the extra amounts added to the diets. This leads 
to the conclusion that the liver ordinarily destroys excess cholesterol that may 
enter the body. 

The synthesis of cholesterol. If large amounts of liver tissue are removed 
(187) or if the parenchyma of the organ is extensively damaged (125, 406, 413, 
583, 637) the concentration of cholesterol esters in blood plasma falls. In this 
case, however, total cholesterol does not increase as it does in biliary obstruc- 
tion, but suffers a decline. Free cholesterol decreases slightly or remains un- 
changed (125, 284, 406, 413). In rats, after partial removal of the liver the 
cholesterol esters of the blood were observed by Cbanutin and Ludewig (187) 
to drop sharply for a day, after which they returned to normal. The restora- 
tion was ascribed to regeneration of the liver. In phosphorus poisoning 
Mjassnikow (637) recognized an initial hypercholesterolemia followed by pro- 
longed depression of the cholesterol esters of the blood. The deficiency of es- 
ters is related to the severity of the hepatic destruction, being most extreme in 
acute yellow atrophy of the liver (284, 413). It has been generally presumed 
that these phenomena denote impairment of the production of cholesterol 
by the liver. 

Esterification oj cholesterol. The proportion of free to total cholesterol in 
blood plasma of normal animals and persons and of patients with a great variety 
of diseases is extremely undorm and constant (see below). Only in derange- 
ments of hepatic function does the ratio of the two cholesterol fractions depart 
appreciably from the normal, and then almost invariably it is the ester fraction 
in the blood plasma that suffers. On the other hand in the liver, under the 
same circumstances, esters tend to accumulate in excess. This peculiar inverse 
relation suggests strongly that the liver regulates not only the total cholesterol, 
but also the proportions of its two fractions in the blood. This may be achieved 
by synthesis, by selection, by destruction or by a combination of these pro- 
cedures. When bile is excluded from the intestines by either biliary obstruc- 
tion or biliary fistulae, the proportion of cholesterol esters in the blood in- 
variably falls (342). This is one item in the evidence that absorption of 
cholesterol is accompanied or effected by esterification. The accumulation 
of free cholesterol in the blood when this process fails indicates that esterifica- 
tion facilitates the metabolism of cholesterol by the liver. It must also mean, 
however, that synthesis is injured less than utilization. Leites and Gollbitz- 
Katschan (538) have reported that in patients with a variety of hepatic diseases 
serum cholesterol rises less than usual or may even fall after ingestion of choles- 
terol in olive oil. Since these conditions are usually attended by reduction of 
the quantity and depreciation of the quality of bile poured into the intestines 
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they should be associated with impaired absorption of cholesteroL This, 
added to injury of the synthetic activity of the liver, may account for dimin- 
ished alimentary cholesterolemia. In the liver of one case of phosphorus- 
poisoning Heinlcin (413) found unusually Large quantities of cholesterol, chiefly 
ester forms. Most destructive or degenerative diseases of the liver, as well as 
biliary obstruction (480), lead to the accumulation of fat in the organ with 
lipid patterns resembling those of dietary fatty livers. Those which have been 
tested respond in whole or in part to protein, choline or other principles which 
relieve dietary fatty livers. The failure to dispose of cholesterol may, there- 
fore, be simitar in origin to the defect in the dietary fatty liver. 

The destruction, excretion and inactivation of steroid hormones. It has been 
demonstrated that the liver diminishes the excretion of estrogenic materials in 
the urine. This is accomplished partly by the elimination of these steroids in 
the bile, where they have been detected by Cantarow and his associates (167). 
Another fraction, probably the major proportion, however, appears to be de- 
stroyed in the liver or inactivated by conjugation (272, 415). 

The metabolism of vitamin D. By secreting bile and cholesterol the liver 
facilitates the absorption of vitamin D. In addition it may serve as a reposi- 
tory or storehouse for the compound. Heymann (433) studied by biological 
tests the disappearance of vitamin D from rabbits after large doses. The liver 
was among the last organs from which it was eliminated. Vollmer (929) as- 
sayed on rats the organs of a child who died after receiving massive doses of 
calciferol. Most of the vitamin D activity resided in the liver and the skin. 

The metabolism of bile acids by the liter 

Formation of cholic acid from cholesterol. Their close chemical relationship 
has long given rise to the conjecture that cholic acid is formed in the liver from 
cholesterol. This has now been established by Bloch, Berg and Rittenberg (88) 
with the aid of deuteriocholesterol. In spite of this, attempts to increase the 
excretion of bile acids by administration of cholesterol have consistently failed 
(319, 829). Failure may be attributed to the fact that any excess of cholesterol 
is destroyed so rapidly by the liver that it does not accumulate to any great 
extent in the body. Moreover, a large part of the cholic acid in bile under 
ordinary circumstances is not synthesized, but merely excreted by the liver; 
the contribution of cholesterol must be relatively small. It is evident that 
bile acids do not serve as a means of eliminating surplus cholesterol. 

The enlcrohepatic circulation of bile acids. In addition to its manufacturing 
function the liver acts as an excretory organ for cholic acid, a part of which 
runs a continuous circuit from blood through liver to gut and back to blood 
again. Cholic acid injected into the blood stream is rapidly removed from the 
circulation by the liver and excreted into tire bile where it can be almost quan- 
titatively recovered (367, 368, 482, 484, 485). If bile or bile acids are given by 
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mouth they appear in the blood and are again transmitted to the bile with no 
more delay than might be expected from the time taken for absorption (317, 
367). From 80 to 90 per cent of the bile acid ingested may be recovered in the 
bile of animals with biliary fistulae. The extreme conservatism exhibited 
towards bile acids is illustrated by experiments of Whipple and Smith (949), 
Having ascertained that a dog with a biliary fistula excreted approximately 
100 mg. of bile acids per kilo per day on a standard diet, they fed the animal the 
bile excreted daily. The excretion mounted steadily until it reached 700 mg. 
per kilo per day, at which point it levelled off. Josephson and Larsson (485), 
by means of duodenal drainage in patients who bad been subjected to cholecys- 
tectomy (this eliminated errors from intermittent storage in the gallbladder), 
found the excretion of cholic acid in 9 subjects to be from 0.7 to 2.0 grams per 
day. In 7 subjects, when the bile was returned to the duodenum, the excretion 
rose to 1.5 to 7.0 grams per day, averaging 3 to 4 times the endogenous pro- 
duction. Because of the methods employed these must be considered as 
minimal figures. In both animals and man, therefore, the major proportion 
of the cholic acid excreted at any time has already travelled once or more 
around the enterohepatic circulation. 

The conjugation of bile acids. Most of the cholic acid in normal bile is con- 
jugated with taurine or glycine to form taurocholic and glycocholic acids by 
peptide linkage (see also chapter on Amino Acids). Since the medium is 
alkaline these appear chiefly as sodium salts. Conjugation is effected in the 
liver. In the process of absorption cholic acid is liberated to form complexes 
with fatty acids, thereby aiding the absorption of the latter (see above). These 
complexes are again resolved in the intestinal mucosa and cholate enters the 
body, passing chiefly into the portal blood stream. After the administration 
of bile by mouth the concentration of cholic acid in the portal blood rises 
sharply, but that in the jugular vein hardly changes (367, 483). Whipple 
(317) found that the formation of bile acids was unaffected by taurine; but 
when either taurine or its parent-substance, cystine, was given with cholic acid, 
the excretion of taurocholic acid increased strikingly (319). This led him to 
conclude that the formation of cholic arid was the limiting factor in the produc- 
tion of bile acids and that there was always enough taurine and glycine avail- 
able to permit conjugation. These deductions are not entirely warranted. 
If large amounts of cholic acid are injected intravenously a large proportion at 
first appears in the bite in the free form, as if the amino acids required for con- 
jugation could not be supplied rapidly enough or the process of conjugation 
could not be accelerated sufficiently to care for the large emergency loads (484). 
White (952) has produced cystine and methionine deficiency in rats by feeding 
excessive amounts of cholic arid. 

The control oj bile acid formation. Fat has as little effect as cholesterol upon 
the formation of bile acids (829, 926). Starvation greatly diminishes their 
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exaction; the administration of nothing but carbohydrate reduces it still 
further (318, 828, 926). High protein diets increase the excretion of bile acids 
(318, 828, 926). Smith and Whipple (829) suggested that carbohydrates act 
by reducing protein catabolism. The effect of protein depends upon its char- 
acter. In the assays of Whipple and his associates beef and other animal 
muscles were particularly efficacious (318, 829), casein was moderately effec- 
tive (830), egg albumin had little stimulating action (830) and gelatin none 
(918). Whipple attributed these differences in the activities of protein foods 
to the amino acids they contained. His results with various amino acids, 
given singly, in combinations, and with proteins, were, however, quitevariable 
(918, 950). His hypothesis that certain of the amino acids contributed ma- 
terials for the formation of cholic add is no longer tenable. 

The ultimate disposition of cholic acid. In spite of the great economy of the 
cnterohepatic circulation a certain amount of cholic acid is continuously lost. 
Of thisa small fraction is excreted in the feces (483). In the guinea pig Schmidt 
and Hughes (778) daim that cholic add which escapes reabsorption in the 
upper intestine is destroyed in the cecum. Whether this is true of other species 
has not been ascertained. When cholic acid accumulates in the blood small 
quantities escape into the urine (55f). When excreted bile was fed to dogs 
with biliary fistulac, by Whipple and Smith (949) excretion of bile increased to 
a maximum of about 7 times the estimated daily production, after which it 
became constant. At this point either production was greatty curtailed or 
destruction and elimination were increased to equal production. There is no 
adequate basis for the election of one or other of these alternatives. Such 
large quantities of cholic scid have not been discovered in the excreta. When 
exogenous cholic add w given it is recovered almost quantitatively in the bile. 
When Foster, Hooper and Smith (317) gave enormous doses of dried bile to 
bile fistula dogs, the excretion of bile acids remained greatly elevated for many 
days. 

Biliary obstruction and liver injury. Obstruction of the common bile duct 
or generalized injury to the parenchyma of the liver diminishes the excretion 
of bile adds (318, 369, 482, 492, 831, 951). Parenchymal injury also reduces 
the proportion excreted in conjugated form (204, 784). In conditions asso- 
ciated with jaundice cholic add may accumulate in the blood, its concentration 
bearing a rough relation to the intensity of the jaundice (482, 492). When 
there is mechanical obstruction of the common bile duct, however, injected 
cholate is gradually removed from the blood, albeit not always completely 
(482, 492). Josephson (483) believes that the bile acids gain access to the 
blood stream in this case through the lymphatics, propelled by the pressure 
developed in the hepatic ducts, as Shafiroff, Doubilet and Ruggiero (802) have 
shown that bile pigments do. In parenchymatous injury to the liver, caused 
either by diseases (482) or poisoning (492), cholate may accumulate in the 
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blood and the removal of injected cholate is delayed. Josephson (482) inter- 
prets this as an indication that the excretory function of the liver suffers more 
than the secretory' function. When bile acids accumulate in the blood small 
amounts probably escape into tire urine. Nevertheless, in all cases in which 
this occurs the production of bile acids is also impaired. The production of an 
Eck fistula (318, 831) or mild chloroform poisoning (951) diminishes the excre- 
tion of cholates by bile fistula dogs. After the relief of biliary obstruction in 
patients, especially if it has persisted for a long time, the normal excretion of 
bile acids is only gradually resumed and there is no initial burst to indicate 
the sweeping out of retained acids (369). (For further discussion of the bile 
acid problem the reader is referred to the monograph by Sobotka (835) and the 
review by Josephson (483). 

The oxidation of choline , another possible function of the liver in connection 
with the lipids or lipid components, has already been mentioned. This has 
been demonstrated in vitro by Bemheim and Bemheim (56). Handler and 
Bemheim (388) have shown that the oxidizing power is impaired in fatty livers. 
Acetylcholine can be oxidized only after hydrolysis. 

UTILIZATION OF LIPIDS BY TISSUES 

Fatty acids are oxidized by tissues in two ways. The major part appears 
to be utilized directly, a smaller fraction after it has been converted to ketone- 
bodies by the liver. Ordinarily, when animals are subsisting upon well- 
balanced diets, ketogenesis is reduced to minimal proportions and the blood 
contains only traces of ketone bodies even if large amounts of fat are being 
oxidized. When, however, preformed carbohydrate is not available, the 
production of acetoacetic acid by the liver increases and, if the ability of the. 
tissues to bum sugar is impaired, reaches maximal proportions. 

Combustion of ketone bodies by the tissues 

The relation of ketogenesis to kelolysis. The oxidation of ketones by the 
tissues, in contrast to their production, does not seem to be conditioned by 
carbohydrate metabolism, but to depend upon the rate at which these com- 
pounds are supplied by the liver. When acetoacetic, 0-hydroxybutyric, or a 
short chain fatty acid which must be converted to acetoacetic or /3-hydroxy- 
butyric is given to an animal, it is burned by the tissues whether carbohydrate 
is given at the same time or not (573, 635). Ketone bodies are removed from 
the blood and burned by the tissues of depancreatized or phlorizinized animals 
(33, 327), eviscerated animals (631, 632) and by heart-lung preparations (34, 
940). The rate of utilization in the resting animal varies with the quantity 
given up to a maximum beyond which it can not be accelerated by further 
addition of ketones to the blood (660, 946). This limit falls distinctly short 
of the total caloric expenditures of the animal, even when the metabolic mix- 
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turc consists almost entirely of fat (859). Conditions have not been dis- 
covered in which all the fat burned by an animal is first converted to aceto- 
acetate by the liver. Compared with the combustion of glucose, the oxidation 
of ketone bodies seems to be a relatively slow process. Consequently, as 
kclogcnesis becomes slightly accelerated, acctoacetntc and /9-hyd roxyb u tyrat e 
begin to back up in the blood; as it gathers speed, although oxidation also in- 
creases, the lag between production and consumption becomes progressively 
greater. 

Ketolysis and energy expenditure. It was pointed out above that, so long 
as a minimal quantity of carbohydrate is supplied and burned, the amount of 
fat consumed can be varied over wide limits without necessitating the inter- 
position of ketones. The combustion of ketones is also but little affected by 
conditions that vary caloric expenditure. Barker (31) found that the ketonuria 
of depancreatized dogs was not proportional to the total heat production during 
exercise and was increased even less by dinitiophenol. In both nephrectomized 
and eviscerated rabbits, on the other hand, according to Mirsky and Broh- 
Kahn (632), dinitrophcnol and thyroxine accelerate the removal of injected 
0-hydroxybutyrate from the blood. Prury, Wick and MacKay (250) have 
reported that the gradual increase of ketone bodies in the blood of normal 
persons after a fast of 15 hours may be interrupted by exercise, but is resumed 
at a still faster rate during a subsequent rest. Both Mirsky’s and Drury’s 
observations have been interpreted as evidence that exercise promotes ketol- 
ysis in the tissues, but this interpretation neglects consideration of ketogenesis. 
Courtice and Douglas (211) likewise noted that exercise during the rising 
curve of starvation ketosis inhibited ketonuria. At the same time, however, 
it caused the respiratory quotient to rise, proving that the stimulus of exercise 
will extract from the liver sugar that it will not yield for the conduct of resting 
metabolism. In the subsequent rest ketosis became more severe because the 
carbohydrate in the body was nearer extinction. Although it is possible, 
therefore, that exercise and other calorigenic stimulants may accelerate the 
oxidation of ketone bodies, their influence can not be great. 

Somogyi (837) has recently called attention to a transient exacerbation 
of starvation ketosis when a fast is broken by carbohydrate. This he attrib- 
utes to competition between glucose and ketone bodies for combustion in 
the muscles during the interval required to suppress hepatic glycogenolysis. 

Since both the starved liverless animal (249) and isolated tissue from de- 
pancreatized animals (738) have respiratory quotients approximating that of 
fat, ketone *bodies can not be absolutely essential for the conduct of the oxi- 
dative processes of the tissues even when combustion of carbohydrate and 
protein is abrogated. The survival of these preparations is, however, limited. 

The intermediary processes by which acetoacelate and fi-hydroxybutyrate are 
oxidized by the tissues are still uncertain. Crandall (214) has suggested that 
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these compounds are substituted for intermediary products of carbohydrate 
metabolism. Because fructose and pyruvic acid, when incubated with liver 
or with pigeon’s kidney, accelerated the disappearance of acetoacetate, while 
malonic acid inhibited it, Edson and Leloir (264) proposed that acetoacetic 
acid reacts with pyruvate to form a-ketoglutarate, thereby entering the chain 
of oxidative carbohydrate metabolism. Lehninger (536) observed the forma' 
tion of some acetic add from acetoacetate by minced rabbit muscle. If acetic 
add can combine with oxaloacetic acid to form cis-aconitic acid (see figure 7 
of chapter on Carbohydrate), the mode of entry of the ketone bodies into the 
intermediary metabolism is established. If pyruvic acid also forms acetic acid 
in the course of its oxidative combustion, a plausible explanation of the chemical 
need for and the function of ketones can be conjectured. Under this hypothesis 
the ketone bodies would be required to supply acetic acid (or acetyl phosphate) 
for the tricarboxylic cycle of aerobic carbohydrate metabolism when the supply 
from the usual sources is inadequate, either when it is furnished at a retarded 
rate by carbohydrate derived from endogenous protein or when it can not be 
furnished because the combustion of carbohydrate is impaired. It might 
be rash to speculate on these still uncertain grounds that insulin implemented 
the formation of acetate from pyruvic acid. Compare also the review by 
Stadie (859a). 

, Direct oxidation of fat by tissues 

Evidence that fat can be burned directly by the tissues has already been 
presented. The total quantity of ketone bodies formed in the livers of diabetic 
animals is not great enough to provide the calories these animals derive from 
fat (859). The removal of ketone bodies from the blood and their oxidation 
by the tissues can not be sufficiently accelerated to assume the whole burden of 
supplying energy for an animal (660, 940). Liverless animals (249) and heart- 
lung preparations (216, 927), when they are not supplied with carbohydrate, 
have respiratory quotients of about 0.71, although ketones are not increased . 
in the blood or tissues of such preparations. Eviscerated animals which have 
previously received diets devoid of carbohydrate, subsist upon fat, sparing 
blood glucose, although their blood and tissues contain no ketone bodies (742b). 

Fat as a metabolic buffer. Under normal living conditions in a state of 
equilibrium animals consume all the fat which they receive without any appre- 
ciable variation of ketogenesis. If high carbohydrate, low fat diets are given 
fat is laid down in the depots and continually changed, proving that a con- 
siderable proportion of the carbohydrate is burned only after it has been con- 
verted to fat. 'Ibis process is not, however, called into play only when diets 
are unbalanced; it must continue at all times or the daily metabolism of herbi- 
vores and omnivores would lack the stability it obviously possesses.. The 
capacity to store glycogen is so limited that some other means must be rezularly 
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employed to conserve the fuel value of carbohydrate through the variable 
intervals between meals. This place is filled by fat, which is formed from the 
carbohydrate which can not be immediately utilized. Tlie fat so produced is 
again delivered as it'is required. Fat, therefore, acts as a stabilizing force. 

The processes of fat oxidation. If the cells contain no free fat the fatty acids 
burned in them must be derived from phosphatides. The major part of the 
fatty acids ultimately oxidized consists ordinarily of relatively saturated long 
chain acids, chiefly palmitic, palmitolcic, stearic and oleic, which predominate 
in the fats of food and of the fat depots. The highly uosaturated acids ate 
more solicitously preserved, resisting even prolonged starvation or fat-free 
diets. Tire ratio of saturated to unsaturated acids in the phosphatides is also 
sedulously protected (833). When fat labelled by peculiar fatty acids, deu- 
terium or radioactive phosphorus is fed to animals, a large part, especially 
of the unsaturated acids, first accumulates in the liver as phosphatides (19, 168, 
190), only later finding its way to tire tissues (521, 522, 697). Although it 
disappears fairly rapidly from the liver, it is held far more tenaciously by cells 
of muscles and other tissues (697). The saturated acids of the phosphatides 
appear to be preferentially oxidized, while the highly unsaturated acids are 
spared. The latter contribute to the phosphatides the peculiar characteristics 
that permit them to function in the metabolism of fat. The phosphatides 
and probably cholesterol must also facilitate the passage of fatty acids across 
the cell membrane, perhaps serving as vehicles for them. All these hypotheses 
are consistent with the observations of Cruickshank and Kosterlitz (216) on 
the heart of the aglycemic heart-lung preparation. The total fatty acids of the 
heart diminished, but the cholesterol and the phospholipid fatty acids did not 
change. Snider (833) detected no change in the phospholipids of muscle as a 
of result exercise. 

Of the intermediary processes involved in the direct oxidation of fatty acids 
nothing is known. It is highly improbable that they are first converted to 
ketones. Harrison and Long (400) found no ketone bodies in the muscles of 
rats until the ketones in the blood had risen far above normal. There are 
regularly more ketones in tire arterial blood flowing to muscles than in the 
venous blood emerging from them (248, 446). No ketones are found in the 
blood of liverless (631) or eviscerated (742b) animals, even when these animals 
are subsisting chiefly upon fat. In vitro all tissues except tlie liver consume 
ketones (805a). If fatty acids are first converted to acetoacetatc in the process 
of combustion by the tissues this compound must be oxidized as fast as it is 
formed. There would be no reason for the Jiver to pervert its metabolic 
processes, during carbohydrate starvation, to the mass production of ketone 
bodies in behalf of other tissues, if these tissues were able to provide ketone 
bodies for themselves. Acetic acid may be the intermediary' product of 
metabolism whether fat is destined for direct combustion or ketone formation. 
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There is evidence that acetic add can be used for other purposes than' the 
formation of acetoacetic add. Swendsied, Barnes, Hemingway and Neir (885), 
after giving rats acetic acid containing the heavy carbon isotope, C u , recovered 
the isotope, not in acetone, but in bicarbonate. Again, however, if both the 
direct combustion of fat and the combustion of acetoacetic acid involved the 
formation of acetic acid as the key intermediary product and this compound 
from either source could enter the tricarboxylic cycle, there is no obvious 
reason why there should be alternate paths for fat metabolism, one of which 
is actively brought into play only when carbohydrate can not contribute to 
this cycle. Shorr (808) has reported that the phosphate exchange in muscle 
proceeds at practically the same rate whether muscle is burning carbohydrate 
or fat. It may be inferred that the oxidation of both types of fuel is translated 
into mechanical energy by similar processes. 

The lipid metabolism oj specialized organs 

In the preceding discussion the term tissue has been applied loosely to cellular 
structures other than the liver, gut and fat cells, as if the behavior of all these 
other organs were uniform. This is an indefensible presupposition. Although 
all these other organs have broad properties in common that differentiate 
them from the liver, intestines and fat cells, they have unique individual 
points of distinction, some of which deserve mention. 

The kidneys . In their behavior towards lipids as towards proteins the 
kidneys have some properties that resemble those of the liver. These, however, 
they appear to exercise for their own purposes, with little consideration for the 
body as a whole. After ingestion of fat the kidneys are only a little behind the 
liver in appropriating phosphatides and unsaturated fatty acids, and are a trifle 
less willing to give them up again (19, 168, 179, 193, 697, 821). Weissberger 
(943) analyzed the kidneys of animals that had received radioactive phosphate. 
The P 33 found its way readily into the phospholipids. When the urinary excre- 
tion of inorganic phosphate was accelerated with ammonium chloride, less P 33 
was recovered in the phosphatides, suggesting that these served as donators 
of urinaiy phosphate. 

The analogy between the kidneys and the liver in their reactions to dietary 
defects that cause fatty livers is extremely close. In fact, renal lesions have 
been described in association with all types of dietary fatty livers. Patterson 
and McHenry (694) have reported that the kidneys of choline-deficient rats, 
like the livers, contain a lower proportion of phosphatide than usual. 

The kidneys are also able to form acetoacetic acid, albeit far less efficiently 
than the liver (490). Experiments with liverless animals show that this 
benefits the remaining organs as little as the deaminating activity of the kidney 
does; the blood of such animals contains negligible quantities of ketone bodies. 

The central nervous system. The brain, though extremely rich in phospho 



lipids of most varied types, subsists entirely upon carbohydrate. A respiratory 
quotient of 1.00 under all circumstances proves that it is unable to oxidize fat 
directly (448, 542, 613). In addition Mulder and Crandall (643) have shown 
that it removes no ketones from the blood. The turnover of phospholipids 
and cholesterol in the central nervous system is correspondingly slow (168, 179, 
190, 3S3, 610, 697, 856, 936, 937). Bloch, Berg and Rittcnberg (88) recovered 
no deuterium in the cholesterol of brain or spinal cord of a dog 6 days after the 
animal bad begun to receive dcuteriocholcsterol, although the cholesterol of all 
other organs and the blood contained deuterium. 

Testes, ovaries and adrenal cortices. These organs all manufacture steroid 
hormones. This aspect of their lipid metabolism is discussed in detaitin the 
special section on. steroid hormones, below. 

Like the brain the tcstdS seem to derive all their energy from carbohydrate 
(447). They also seem to exercise greater discrimination than other organs 
in the selection of fatty acids. When Sinclair (823) gave elaidic acid to rats 
it entered the phospholipids of most tissues quite freely, but was practicaly 
excluded from the phospholipids of the testes. 

The mammary glands. During lactation the mammary glands are called 
upon to produce large quantities of milk containing, in various species, from 
2 to 5 per cent of fat, differing somewhat in its pattern of fatty acids from the 
blood from which it is derived. In 1919 Meigs, Blathcrwick and Cary (625) 
reported that the active mammary gland of cows removed phosphatides from 
the blood, returning to the blood a certain proportion of the phosphoric acid, 
but that neutral fat was not removed from the blood. They therefore con* 
eluded that milk fat was derived from fatty acids obtained from blood phos- 
phatides. These observations have generally failed of confirmation. Black- 
wood (79) could find no appreciable difference between tne lipid phosphorus 
of blood entering and that leaving the mammary glands of cows; in either the 
resting or the lactating state. Aylward, Blackwood and Smith. (22) found 
more iodine in the glyceride fatty acids than iD the phospholipid fatty acids 
ot the blood of cows that had been fed iodized fats. The curve of iodine in 
milk fat paralleled that of blood fat. Trautman and Kirehhoff (902) could not, 
by feeding lecithin, alter the composition of the milk of goats. While these 
experiments do not exclude phosphatides as a source of milk fat, they do indi- 
cate that they are probably not the chief source. Blackwood (79) could 
demonstrate no changes in We concentrations of fat and cholesterol in the 
blood as it traversed the mammary' glands of cows Nevertheless, it is im- 
plicit in the experiments of Aylward, Blackwood and Smith cited above that 
the lipids of blood contribute to the fat of milk. Furthermore numerous 
observers have shown that the nature of fat in milk can be altered rapidly 
by varying the character of fat in the diet (442, 604, 605). Voris, Ellis and 
Maynard (930) in contradistinction to Blackwood, have reported differences 
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between the neutral fat of arterial and mammary vein blood. As Nikitin (665) 
has pointed out, an intense milk secretion depends not so much upon the 
ability of the mammary gland to absorb solids from the blood as it does upon 
the ability of the animal to increase the blood supply to the gland. This 
enables the gland to secure what it requires without greatly altering the com- 
position of the blood. It must also be appreciated that in addition to the 
solids an enormous quantity of fluid is withdrawn from the blood to form milk. 
Together these two factors detract from the value of arterial-venous differences 
as a measure of the solids taken from the blood. Reinecke, Stonecipher and 
Turner (733), from the oxygen and carbon dioxide in arterial and mammaiy 
vein blood, estimated the respiratory quotients of the mammary glands of 
goats. In non-lactating glands these were of the usual order of magnitude; 
those of lactating glands were greater than 1.00. From this it was inferred 
that the mammary glands form fat from carbohydrate. From analyses of 
arterial and venous blood Shaw and Knodt (803) have concluded that lactating 
glands utilize ketone bodies. There seems no purpose to which these com- 
pounds could be put except to meet the nutritive needs of the glandular tissue 
itself. 

The function of the mammary glands can not be one of indifferent or even 
selective transfer of materials from the blood stream to the milk. The fatty 
acids of milk are distinctive in many respects. They contain a larger propor- 
tion of fatty acids with less than 14 and more than 18 carbons than do the 
fatty acids of the blood plasma and most other animal tissues (23a, 101a). 
They are also peculiarly rich in unsaturated fatty acids, some of which belong 
to the short chain (Cm to Cm) group. The double bond in these is in the usual 
C, to C,o position, which would indicate that they are probably formed from 
longer unsaturated acids by oxidation from the methyl rather than the carboxyl 
end, w-oxidation (101a). The composition of the lipids of human milk is 
shown in table 21, from Baldwin and Longenecker (23a, 23b). Cow’s milk 
contains a larger concentration of lipid with a greater proportion of short chain 
fatty acids (23a). 

CONCENTRATION- OF LIPIDS IN NORMAL BLOOD 

Quantitative terms employed. The literature dealing w'ith the concentrations 
of lipids in blood is replete with conflicts. Disagreement arises chiefly from 
differences in analytical techniques and the unreliability of certain methods 
which have been widely employed. Analysts, moreover, have followed no 
uniform principle in fractionating the lipids and have been less than meticulous 
in the identification of the fractions they have measured. For example, the 
total fatty acids are often termed “fat,” although the major proportion of the 
fatty acid of normal blood exists as cholesterol esters and phospholipids. To 
put a final touch to the confusion, the different fractions have been recorded 
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in arbitrary’ terms that are anything but precise, for example, fat and fatty 
acids have been reported in terms of stearic, oleic or palmitic acid or a mixture 
of fatty acids; phospholipids as lecithin. 

In order to escape this confusion, concentrations of lipids throughout this 
chapter will be expressed ih the following terms: fat and fatty acids as mEq. 


TABLE 21 

Lipids or Human Coin strum and Milk Compared with Cow Colostrum and Milk, 
from Baldwin and Lonclnlckes (23a, 23b) 



j BOUAX 

J cow 

| caloMnua 

Mitt, 


Milk 

tttuid 1 
Jddjyj 

wa.r 

Total lipid, gm percent 

2 2 

2 3 

3.2 



Phospholipid, gm. per cent 

0 8 

0 2 

0.1 



Tatty acids, molar percentage o! total laity acid 

100 0 

100 0 

100.0 

100.0 

100.0 

Saturated 

Si 0 

50 0 

52.4 

68. 1 

65.8 

But} nc 

0 7 

0 8 

1 1 

7.2 

8.1 

Caproic 

0 3 

0 2 

0.1 

3.4 

2.8 

Caprylic 

1 5 1 

0 1 

0 6 

0 8 

2.5 

Capric 

5.3 

1 4 

3 3 

2.3 

3.7 

Laurie 

1.2 

3.4 , 

7.1 | 

39j 

4.4 

Mjristic 

3 3 

5 7 ' 

9 6 

10.1 1 

12.3 

Palmitic 

25 4 

28 9 , 

23 4 

29.9 

23.2 

Stearic 

9 2 

7.2 

6 3 

10.0 

7.6 

Cm as arachidic 

4 1 

2.3 

0 9 

0 5 

1.0 

Unsaturated 

49 0 

50.0 

47 6 

31 9 

34.2 

Deccnoic 

0 3 

0.1 

0 1 

0.2 

0.4 

Dodecenoic 

0 1 

0.1 

0.1 

0.2 

0.5 

Tetradecenoie 

0 1 

0.2 

0.7 

0.7 

1.7 

Hexa&tctnoic 

i 1 9 

3.0 

| 3.0 

2.5 

l 3.7 

Octadccenoic 

1 33.8 

35 1 

33 3 

24.3 

24 8 

Ocladecadienmc . 

7.1 

5 9 

7.2 

2.2 

2.9 

Octadccatnenoic 

0.3 

0 2 

0.4 

0.3 


Eicosalctraenoic 

l.S 

1 4 

0.8 

0.6 

0.2 

As Eicosadienoie 

3 9 

4 0 

2 0 

0.9 



per liter of fatty acid; phospholipids as mg. per cent of lipid phosphorus; 
cholesterol and cholesterol esters as mg. per cent of cholesterol. These terms 
correspond to the substances that are measured in the most direct and reliable 
techniques and, therefore, involve no questionable assumptions. The follow- 
ing conversion factors will permit the reader to compare the data with most of 
those found in the literature: 

Lecithin •» 26 0 lipid P 

Fat (mg. per cent) *= 26. 3 Fatty acid (mEq per liter) 
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The lipids of the serum in the post absorptive slate 

In table 22 have been assembled what the authors consider the most reliable 
data available in the literature for the concentrations of the chief lipid con- 
stituents in the plasma 13 of normal adults in the postabsoiptive state. Values 
for total fatty acid, neutral fat, lipid phosphorus, total cholesterol and the ratio 
of cholesterol to lipid phosphorus are all taken from analyses by Man (699). 

The range of variation of the lipids is somewhat exaggerated in the table by 
the inclusion of stray maximum and minimum figures. Since these were de- 
rived from ostensibly normal persons and appear in the series of almost all 
reliable observers, however, they can not be omitted. Even mean deviations 
for all lipid components reveal an extraordinary degree of variability,* although 
in this respect the separate lipid constituents differ greatly. 

TABLE 22 

The Concentration's and Proportions op Lipids in the Blood Plasma op Normal 
Adults 


SUBSTANCE 

KAXiunu | 

invnrou j 

MEAN 

STAND AU> 
DEVIATION 

Total lipid, mg. per 100 cc. (95, 117, 210, 444) 

820 | 

360 

570 


Total fatty add, raEq per liter (699) . 

36.9 

7.3 

12.3 

±3.37 

Neutral fat fatty adds, mEq. per liter (699) . 

17.8 

0 

3.1 

±1.49 

Lipid phosphorus, tog per cent (699) 

14 5 1 

6.1 

9.2 

±1.41 

Total cholesterol, mg. per cent (699) 

320 

107 

194 

±35.6 

Ratio, free cholesterol: total cholesterol (699, 845) 
Ratio, cholesteroldipid phosphorus, at mean 

0.32 

0.24 

0.28 


normal cholesterol concentration (699) 

31.7 

14.9 

21.4 

±2.48 


Total lipid — that is, all the material extracted with hot alcohol and ether 
which is soluble in petroleum ether — is such a heterogeneous conglomeration 
of loosely related compounds that it has little chemical or functional sig- 
nificance, although it has been employed as a criterion of the state of fat me- 
tabolism. Total fatly acid is the most variable of all the lipid fractions which 
can be measured directly- This is to be expected since it includes not only 
the fatty acids of the triglycerides, but also of the phospholipids and the choles- 
terol esters. In spite of this it has been widely used as a measure of neutral fat. 
For this purpose it is quite inappropriate, since in the average normal serum 
neutral fat accounts for less than one-third of the fatty acids. Even sera with 
relatively high cholesterol esters and phospholipids may contain negligible 

11 The term plasma is used in a genera! sense only. It has been claimed that there is less 
cholesterol in oxalated plasma than in serum. These differences are due only to the fact 
that oxalate causes the cells to shrink (SS4, 775, 852). It is, therefore, inadvisable to use this 
or any other anticoagulant that disturbs the osmotic relations in blood if analyses for lipids 
are 'contemplated. 
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quantities of triglycerides (699). The variability of neutral fat may be exagger- 
ated by errors of analysis and calculation. In the most reliable techniques it 
must be estimated by difference from the acids not accredited to cholesterol 
esters and phospholipids. It therefore suffers the cumulative errors of the 
cholesterol and lipid phosphorus analyses as well ns errors arising from the 
calculation of the fatty acids combined with these substances. Even after due 
allowance is made for these errors, however, neutral Jal appears to be more un- 
stable than either cholesterol or lipid phosphorus. 

In contrast to the wide range of tariation found in any group of men or women, 
the variability of lipid constituents in any one individual, studied under normal 
conditions over long periods, is much more restricted (76, 338, 587, 699, 845, 912). 
Although cholesterol in the population at large may vary from 107 to 320 mg. 
per cent or 60 per cent on both sides of the mean (Sperry (845), indeed, has 
reported values as high as 350 mg. per cent), in individuals the denations over 
periods as long as a year seldom exceed 15 per cent (699, 845, 912). The same 
is true of lipid phosphorus and to a lesser extent of fat (587, 699). For reasons 
that are ill understood certain ostensibly normal persons consistently maintain 
high concentrations of lipids in their sera, while others as habitually maintain 
low concentrations. It follows that serum lipids can be interpreted with far 
more discrimination if the normal pattern of the subject under examination is 
known than if they must be compared w itli group standards. The lipids may 
depart considerably from the characteristic pattern of any given individual 
and still remain within the normal limits for the population at large. 

The correlation between the chief lipids of the plasma. In normal persons the 
ratio of cholesterol to lipid phosphorus is more constant than the concentration 
of either of the lipid fractions of which it is composed. Peters and Man (699) 
from the analysis of a large body of data found that this ratio had a mean value 
of 21.4 S.D. ± 2.48 at a mean cholesterol concentration of 204 mg. per cent. 
In addition the ratio itself varied with the concentration of cholesterol in nor- 
mal persons and patients with a variety of diseases and disorders, following the 
course described in figure 40. 

If this course is examined it may be seen that cholesterol increases more 
rapidly than lipid phosphorus as the two rise. When lipid phosphorus from 
the same body of data was plotted directly against cholesterol (589a) it was 
found that when cholesterol exceeded 100 mg. per cent the distribution of 
points could be described by a straight line, defined by the equation, 

Lipid P ■= 0 0294 Cholesterol + 3 62 S.D. ±1 04 

(Both lipid P and cholesterol are expressed as mg. per cent). This line would 
intersect the ordinate at a point _ indicating that cholesterol should disappear 
when lipid P falls below 3.62 mg. per cent. Actually in the extreme cases in 
which lipid P is lower than 6.5 mg. per cent (cholesterol = 100 mg ), cholesterol 
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does not fall so far as the equation would predict. In this area of extreme 
hypolipemia, which includes only grossly pathological states, the ratio, lipid 
P: cholesterol, drops off rapidly. So long as cholesterol is greater than 100 mg. 
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Fic 40. The relation of cholesterol to the ratio, cholesterol: lipid phosphorus, in the serum 
of normai persons, psychiatric patients and patients with diseases of the thyroid. Ohserva- 
tions were divided into classes, depending upon the concentrations of cholesterol. From 50 
to 400 they ha\ e been divided at intervals of 50 mg. per cent, above this into two classes, one 
of 400 to 500, the other of 500 or more mg. per cent. The crosses represent mean values for 
each class. The vertical lines and cross lines indicate once and Cw ice the standard deviation 
except in the highest class where only the standard deviation is given From Peters and 
Man (700). 

per cent its relation to lipid P in normal persons and in patients with most 
diseases should lie within the limits defined by the equations: 

Lipid P = 0.038 Cholesterol + 3.62 and 
Lipid P - 0.020 Cholesterol +3.62 
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The correlation between free and ester cholesterol is even closer (104) Sperry 
($43), Bnin (145) and Peters and Man (699) have agreed that the ratios of 
free to total cholesterol in normal adults arc confined within the narrow limits, 
0.24 to 0.32, averaging 0.28. These observers uniformly employed methods 
which involve precipitation and isolation of cholesterol as the digitonide. Less 
consistent results and smaller proportions of esters have been reported by 
others who have used less meticulous techniques (102, 210). 

Neutral jal runs a comparatively independent course, bearing little relation 
to either phospholipids or to cholesterol. Nevertheless, there is the same 
tendency for fat to be consistently lower in some subjects than in others. A 
loose correlation between total fatty acids and cholesterol has been noted by 
some observers (357, 586, 589, 592). This must needs be, since a large propor- 
tion of the fatty acids is derived from cholesterol esters and phospholipids. 
It can not be inferred from this that cholesterol and neutral fat are equally 
well correlated. 

A proper balance betwten the lipids appears to be more sedulously protected 
and is, therefore, presumably more important than the absolute concentration of 
any one or all of the lipid components. The general tendency for lipid constit- 
uents to vary in unison has led observers to limit their attentions to one or 
two measurements in the interest of simplification. This detracts from the 
value of their observations because it precludes the detection of disturbances' 
in the interrelationships of the components, which may have major significance. 

The chart depicted in figure 41 has been devised for the evaluation of lipid 
relationships. The ordinate represents the ratio 

(1) Lipid r-3 62: Cholesterol 
The abscissa represents the ratio 

(2) Free Cholesterol: Total Cholesterol 

Figures from normal subjects should fall in the rectangle 5, in which ratio (1) 
lies between 0.020 and 0.038, while ratio (2) lies between 0.24 and 0.32. Rec- 
tangle 6 includes cases in which ratio (1) is normal, but (2) is high; in rectangle 2, 
(2) is normal, while (t) is high; in 3, both ratios are elevated; etc. Almost all 
observations thus far made fall into one of these 4 areas. A few pathological 
cases have been found in areas 8 and 9 in which ratio (1) is low, but (2) is norma! 
or high. In almost all of these cholesterol was below 100 mg. per cent. To 
these cases, for reasons given above, the chart is not strictly applicable (589a). 

The partition of phospholipids and the nature of the fatly acids in various lipid 
fractions. Attempts have been made to subdivide further the main lipid 
fractions, especially the phospholipids. In normal adults Kirk (507) found 
that on the average about 45 per cent of the phospholipid of plasma was com- 
posed of cephalin, 40 per cent of sphingomyelin and 15 per cent of lecithin. 
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By somewhat more precise methods Erickson et al (286) identified 52 per cent 
as lecithin, 29 as cephalin and 19 as sphingomyelin. This agrees reasonably 
well with analyses of Thannhauser and his associates (895, 896): 47 per cent 
lecithin, 43 per cent cephalin and 10 per cent sphingomyelin. Marenzi’and 
Cardini (596) identified 61.5 per cent as lecithin and 17.0 per cent as sphingo- 
myelin. Artom (17) found 21 per cent of cephalin, the remainder consisting 



Fig 41. The interrelationships of the serum lipids. The vertical and horizontal hues de- 
fine the limits of the two ratios in normal subjects. The area of normal variation is the quad- 
rangle no. S. 

of compounds that contained choline — i.e., lecithin and sphingomyelin. Re- 
cently, by more detailed techniques, he reports phosphatidyl ethanolamine 
21 per cent, phosphatidyl serine 7 per cent, sphingomyelins 12 per cent, and 
lecithin (by difference) 55 per cent (17a). The majority of observers, there- 
fore, agree that about half of the phospholipid of plasma is lecithin, while more 
than half of the remainder is composed of cephalin. At variance with these 
are Taurog, Entenman and Chaikoff (887a) who, by direct analysis for choline 
and for lipid phosphorus, have concfuded that all the phospholipid in dog 
plasma and practically all in human plasma is choline-containing. Decision 
on the subject must await further investigation. 
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Erickson and her associates (288) have reported that in children the propor- 
tion of phospholipid soluble in cold absolute alcohol is quite constant, indicating 
that the partition of these lipids is less variable than their total concentration. 

Ih most analytical procedures the fatty acids of the cerebrosides are ac- 
credited to neutral fat. This is of relatively little importance so far as the 
estimation of fatty acids in serum is concerned, since Erickson et al (287) 
found only 15 mg. per cent of cerebrosides, equivalent to about 2 per cent of 
the total lipid or 6 per cent of the fatty acids of neutral fat. Kirk (507) has 
reported somewhat more, 42 mg per cent, or 8 per cent of the total lipid. 

The average iodine numbers oj the fatty acids of the serum of subjects on mixed 
diets \ ary, according to Boyd (117), from 65 to 112, averaging 89; Wilson and 
Hanncr (961) report 71 to 125, with an average of 96; in a small number of 
subjects Man (699) found 100 to 137 w ilh an average of 120. The fatty acids 
of phospholipid are more unsaturalcd than those of the neutral fat. For the 
former Boyd (117) reported iodine numbers of 99 to 167, averaging 124, while 
Bloor, Blake and Sullen (102) found 119 to 133, averaging 125. The latter 
have published the follow ing average iodine numbers for the fatty acid fractions 
of serum: in neutral fat 102, phospholipid 125, cholesterol esters 158. They 
have concluded that cholesterol combines selectively with the most highly 
unsaturated fatty acids. 

From the data in table 22 it will be seen that on the average neutral fat 
accounts for the smallest fraction of the fatty acids of plasma, phospholipids 
for the largest. In individual instances, however, neutral fat may account for 
more fatty acid than cholesterol and phospholipids together, while in others 
it may be reduced to negligible proportions. 

The lipids of blood cells 

The pattern of the lipids of blood cells differs sharply from that of plasma. 
The former contain no appreciable quantities of neutral fat; the fatty acids 
which are not part of phospholipids appear to belong to cerebrosides of which, 
according to Erickson (287), erythrocytes contain 50 mg. per cent. There are 
also minimal quantities of cholesterol esters. Brun (146), who has made the 
most extensive study of the distribution of cholesterol in blood, found 125 to 
150 mg per 100 cc. in the cells of normal persons, with no appreciable quantity 
of esters. The actual concentration per unit of water is, therefore, about the 
same as the average concentration of total cholesterol in plasma,- but the 
cholesterol of cells varies far less than that of phsma. In the cells of children 
Erickson et al (288) found from 117 to 168 mg. per cent of total cholesterol, 
as much as 30 per cent of which might be esters. In the average subject they 
found 14 per cent of esters, sometimes none at all. 

'Hie red blood cells of normal adults contain from 15 to 23 mg. of lipid phos- 
phorus per 100 cc. (93, 444), almost twice as much as there is in plasma. In 
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children Erickson et al. (288) found the same proportionate difference in the 
"composition of the two phases of blood. In addition the partition of the 
phosphatides of cells differs from that of plasma. In the cells cephalin pre- 
dominates, making up, according to Williams and Erickson (959), 50 to 60 
per cent of the total; but Erickson (286) has reported less than half as much, 
54 mg. per cent. 

All these estimates are based on small numbers of analyses by methods that 
are something less than specific. They must not, therefore, be given too much 
weight as precise measurements. There can be no doubt, however, that the 
lipid patterns of cells and plasma differ so radically that analyses of whole 
blood yield imperfect information. Since the cellular contents are compara- 
tively unaffected by diet and a variety of other physiologic variants, analyses 
of whole blood are peculiarly inappropriate for the evaluation of the effects 
of such factors. Small changes of lipid phosphorus or free cholesterol of the 
plasma are particularly likely to be missed if whole blood is used, because the 
cells contain such high concentrations of these components. 

THE IOTl.UEXCE OF PHYSIOLOCIC VARIANTS ON BLOOD LIPIDS 
The influence of age, sex and race 

It has been demonstrated by several observers that the fatty acids in the 
lipids of the fetus tend to assume the characteristics of those fed to the mother 
(173, 609). Fatty adds must, therefore, be able to pass from the maternal to 
the fetal circulation. In infancy and early childhood the plasma contains less 
cholesterol, lipid phosphorus and fatty acids than it does in adult life (27, 122, 
287, 288, 495, 673, 844). In new bom infants Boyd (122) found only 198 ± 80 
mg. per cent of total lipid, with 2.5 ± 1-3 mg. per cent of lipid phosphorus, 
3.3 ±1.9 mEq. per liter of neutral fat fatty adds, and 34 ± 15 mg. per cent 
of cholesterol, about 40 per cent of which was free. In infants from 4 to 25 
days old Sperry (844) found from 71 to 190 mg. per cent of cholesterol. The 
range of variation was as great as that of a comparable group of adults and 
some of the values overlapped those of adults, but the average concentration 
was much lower. At birth there was even less cholesterol, the concentration 
rising rapidly in the course of the first 3 days of life. The average increase 
in this period in 15 cases was 76 per cent of the initial concentration. The 
serum of new-born infants also contained a larger and more variable proportion 
of free cholesterol than the serum of adults did, from 28 to 59 per cent. From 
4 to 25 days of age no general upward trend of cholesterol could be detected. 
Nevertheless, adult concentrations had not been attained. Cholesterol and 
other lipids must, therefore, rise further during the developmental period. 
Offenkrantz and Karshan (673), in a study of 250 patients ranging in age from 
2 months to 12 years, noted a gradual rise of serum cholesterol through about 
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the seventh year, after which it reached adult values. This increase involved 
only esters, the free cholesterol remaining constant throughout. Erickson,' 
Williams et al (288) report for 21 children, varying in age from 5 months to 
9 years, an average of 454 mg. per cent of total lipid, 5.6 mg. per cent of lipid P, 
3.7 mEq. per liter of neutral fat fatty acids and 143 mg. per cent of cholesterol, 
of which 24 per cent was free. Kaiser and Gray (495) found similar amounts 
in the plasma of 29 children from 5 to 15 years of age. The cholestcrols of 
children 6 to 15 years old were distinctly lower than those of adults in series 
investigated by Eck and Desbordes (255). It is impossible to ascertain from 
these data at just what age the lipids become stabilized. Man and Gildea 
(699), could demonstrate no statistically significant differences between chil- 
dren over 10 years of age and adults. Adult patterns, therefore, appear to be 
established by the onset of puberty. After this the concentrations of lipids 
do not change appreciably as life advances, except as they arc influenced by 
pathologic or abnormal physiologic conditions (684, 699). 

As far as cholesterol is concerned the effect of age has been intensively in- 
vestigated by Hodges, Sperry and Andersen (453a) by most reliable analytical 
techniques. In a study that involved 417 analyses of the sera of children 
varying in age from 2 months to 13 years, the concentrations of total cholesterol 
did not vary significantly with age nor differ appreciably from concentrations 
found in the sera of adults. The ratio of free cholesterol to total cholesterol 
was also the same as that of adults. Serum cholesterol, therefore, has reached 
stable adult values as early as the second month of life. 

Sex. There are no sex-linked differences in the concentrations or partition 
of lipids in the population as a whole. The range of variation and the inter- 
relationships of the lipid components are the same in males as in females (95, 
339, 673, 684, 699). In males Gildea, Kahn and Man (353) discovered a rough 
correlation with body build. In men of the pyknophilic tj'pe cholesterol (and 
ipso facto lipid phosphorus) tended to be high, while in leptosomes it was low. 
]n females, however, no similar correlation could be established. This dis- 
crepancy is susceptible of many interpretations. The determinants of serum 
lipids in the tw o sexes may differ fundamentally. It is possible that the struc- 
tural determinants in the two sexes are not identical or that the true deter- 
minant in the male has been confused with a coincident variant. Sperry (845) 
detected no relation between serum cholesterol and body build, but his subjects 
were not scrutinized from this point of \iew. The observation of Gildea, 
Kahn and Man permits data from males to be evaluated with greater dis- 
crimination than data from females. 

Race. There is no evidence that serum lipids are influenced by race. Among 
natives of India Boyd and Roy (127) found values for cholesterol similar to 
those reported by others in Europeans and Americans. Corcoran and Rabino- 
witch (210) found nothing distinctive in the lipid patterns of the serum of 
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Canadian Eastern Arctic Eskimos even though these people subsisted almost 
entirely upon meat. 

THE EFFECT OF DIET 0.\' PLAS1L4 LIPIDS 

The influence of meals 

There is considerable disagreement about the effects of meals upon the plasma 
lipids, part of which arises from lack of uniformity in the procedures employed, 
especially differences in the nature and quantity of fat given. It appears to be 
established, however, beyond reasonable doubt, that after the oral administra- 
tion of large amounts of fat the fatty acids of the serum of humans and carni- 
vores that have been investigated rise (75, 82, 94, 310, 444, 585, 762). In 
herbivorous animals, such as the rabbit, a similar rise has not been regularly 
demonstrated (98, 819). 

The characteristic reaction of fat and phospholipid to single large feedings of fat 
are illustrated by experiments of Man and Gildea (585), who fed a group of 9 
normal adults in the postabsorptive state between 3.5 and 4.0 grams of milk 
fat per kilo in the form of butter and 40 per cent cream, with toast and un- 
sweetened coffee as vehicles. The effect of this meal on the serum lipids is 
shown in figure 42. The fatty acids began to rise within 2 hours, usually reach- 
ing a peak at 4 hours, and were still elevated in all cases at the end of 6 hours. 
In 3 instances they reached their highest concentrations at this point. The 
increment of fatty acid amounted to from 4.5 to 15.0 mEq. per liter, or 34 to 
134 per cent of the initial value, averaging 60 per cent. Of this increment only 
0.4 to 2.0 mEq. could be attributed to phospholipids, which increased by 9 to 
33 per cent, averaging 20 per cent of their initial value. If (see below) choles- 
terol rises only 5 to 30 mg. per cent, neutral fat must account for most of the 
alimentary lipid increment. In these tests the non-phospholipid fatty acids 
increased by 3.4 to 14.4 mEq. per liter, or 51 to 232 per cent of their initial value, 
averaging 102 per cent. 

The reaction to moderate meals of fat. The meals that have usually been 
employed to elicit alimentary lipemia are extremely abnormal. Three hours 
after a mixed breakfast, containing 0.5 to 1.0 gram fat per kilo in milk, cream 
and butter, the fatty acids of the serum had risen by from 0.4 to 8.1 mEq. per 
liter, or 3 to 65 per cent of the initial value, averaging 34 per cent (585). In 
only one instance was the increment less than 20 per cent. With the smaller 
dose of fat and the shorter period the phospholipid fatty acids rose perceptibly 
in only 7 of the 9 subjects, the increments varying from 0.1 to 1.4 mEq. per 
liter, or 2 to 24 per cent of the initial value, averaging 11 per cent. These 
results agree with those of Ilejda (414), Nissen (666) and Slight and Long (826) 
after comparable meals (about 1 gram of fat per kilo). After such meals the 
fatty add returned to its initial concentration after 6 to 7 hours (414, 666). 
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These figures are fairly typical of the results reported by the majority of 
observers. After a meal containing large amounts of fat the neutral fat of the 
scrum rises gradually and remains elevated for 6 hours or more. The phospho- 
lipids are similarly effected, but to a lesser degree. Few have prolonged their 
observations to include the whole of the alimentary curve. In a small number 
of experiments by Man and Gildea (588), after a breakfast containing 2 grams 



Fig. 42. Serum fatty adds after ingestion of a meat containing 3.5 to 4 grams of fat per 

kilogram of body weight, in the form of cream and butter • • = total fatty adds, 

X- • • • X “ fatty acids In phospholipids In each instance the three lines represent min- 
imum, ascrage and minimum figures from 9 normal adults Trom Man and Gildea (585). 

of fat per kilo the fatty acids V ere still elevated after 8 hours, but had returned 
to the postabsorptive level by the end of 10 hours. (See figure 43.) 

Tic assimilation of fat and phospholipids. Trom these curves lipids appear 
to be assimilated much more slowly than are protein and carbohydrate. The 
alimentary curves of the different foodstuffs must, however, be compared with 
due consideration of the differences in the disposition of each Products of the 
digestion of carbohydrate and protein are absorbed chiefly into the portal blood 
stream, by which they are conveyed directly to the liver, where a large propor- 
tion is removed and subjected to rapid transformation. These products are 
also freely diffusible, spreading themselves throughout the extracellular fluids 
and oiten penetrating cells. Lipids, on the other hand, pass chiefly into the 



LIPIDS 


479 


thoracic duct t . be delivered first into the systemic circulation. This is proba- 
bly responsible for the initial rise of the alimentary curve. Some of the fat 
may be removed promptly to the fat depots; but it can not escape from the 
blood freely bj r diffusion as monosaccharides and products of protein digestion 
can. Another portion is removed with phospholipids by the liver, most of it 
to be returned to the blood again after it has been processed. Because phos- 
pholipid rises less than neutral fat after a fatty meal, it can not be inferred 
that more fatty acids are absorbed as neutral fat than as phospholipids. The 
liver may remove phospholipids more rapidly than fat is removed by liver and 
fat depots together, and may retain it more tenaciously than it does fat. The 



Fic. 43 The course of the 6erum fatty adds of 4 subjects after ingestion of a meal con* 
taining 2 grams of fat per kilogram of body weight, in the form of cream and butter. From 
Man (583). 

latter part of the alimentaty curve may be modified or prolonged by the re- 
delivery of lipids to the blood from the liver. When only fat is given the 
situation is further complicated because, when starvation is prolonged, fat 
assumes the burden of metabolism as carbohydrate becomes depleted. 

The effect on plasma cholesterol of meals containing fat or cholesterol. Many 
have failed to demonstrate any increase of serum cholesterol after fatty meals 
(145, 945), and a large number after cholesterol itself (340). Turner and 
Steiner (912) detected no rise of serum cholesterol 2, 4 and 8 hours after a break- 
fast containing fruit, 2 eggs, butter, toast, coffee and 200 cc. of milk to which 
20 grams of cholesterol had been added. Others have reported hypercholestero- 
lemia after far smaller doses of the compound and after meals containing more 
than the usual amounts of sterc's (339). 
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Since cholesterol is absorbed and aids in the absorption of fat, and since it is 
absorbed into the thoracic duct rather than the portal blood, its concentration 
in the systemic blood should rise after either a fatty meal or cholesterol. There 
are, however, many features of the metabolism of cholesterol that would tend 
to minimize or mask the hypercholesterolemia. The continual delivery of 
biliary cholesterol into the intestine and its reabsorption introduces a confusing 
factor. The constant destruction of cholesterol by the liver must also prevent 
its accumulation in the blood. 

Among the best controlled experiments in which alimentary cholesterolemfa 
has been demonstrated are those of Gudrun Brun (145). He analyzed the 
serum of 18 normal adults for cholesterol in the postabsorptive state and 2, 4, 
6 and 8 hours after the administration of 80 grams of olive oil, by the elegant 
analytical technique of Schoenhcimer and Sperry (793). Within 2 to 6 hours 
the serum cholesterol increased by from 5 to 31 mg. per cent, averaging 20 mg. 
per cent, or 10 per cent of its initial value. The cholesterol of no one of 5 
members of a control group rose more than 5 mg. per cent during an 8-hour fast. 
By the next morning the cholesterol had usually returned to its original con- 
centration; in the few exceptions it rose as often as it fell. There was prac- 
tically no overlapping between controls and experimental subjects. The 
addition to the olive oil of 4 grams of cholesterol caused no appreciably greater 
cholestcrolemia than did the olive oil alone. The increment in both instances 
consisted entirely of esters; free cholesterol did not change appreciably. The 
increments of cholesterol in Brun’s experiments are of the same order of magni- 
tude as the increments of lipid phosphorus observed by Man and Gildea after 
a fatty meal. 

The nature oj scrum lipid increments in alimentary lipemia. The increment 
of fatty acid during alimentary hyperlipemia assumes the characteristics of the 
fatty acids that have been ingested Wilson and Hanner (961) fed convalescent 
children from 3 to 5 grams of fat per kilo, either as cream or as cod liver oil, 
analyzing the serum for lipids before and at 2 and 4-hour intervals after the 
dose. In each instance the concentrations and iodine numbers of the fatty 
acids rose. When the increment of the iodine number was divided by the 
increment of fatty acid, it was found that the iodine number of the extra fatty 
acid after cream varied from 39 to 60, whereas after the more highly unsa tuiated 
cod liver oil it varied from 118 to 185. 

According to Artom and Treeman (18) the ratio of lecithin to cephalin in 
the phospholipids of the serum rises during alimentary lipemia of rabbits. 

In an early study Bloor (94) reported that the lipid phosphorus rose more 
in the blood cells than in the plasma after a fatty meal. This has not been 
substantiated by other investigators (820, 918, 945) nor by Bloor (98, 101) 
himself in subsequent experiments. The h’pids of the cells appear to be little 
affected by meals or other factors that cause temporary fluctuations of plasma 



LIPIDS 


481 


lipids (762). It may be on this account that the concentrations of lipids are 
less variable in cells than in plasma. 

Adlersberg and Sobotka (4) have reported that the addition of lecithin to the 
fatty meal greatly exaggerates the alimentary lipemia reaction. This they 
attribute to more rapid absorption of fat under the influence of the lecithin. 

Diurnal variations of serum lipids. The fatty meals which have been used 
to elicit alimentary lipemia have been, for the most part, arbitrary and un- 
natural. In the short experiments by Man and Gildea (585), cited above, it 
was show n that an appreciable hyperlipemia could be induced by a mixed break- 
fast that did not contain a distasteful excess of fat. Boyd (121), however, 
found that all the lipids of the serum remained remarkably constant throughout 
the day and unaffected by meals in adults leading a normal life and pursuing 
their usual activities. If the ingestion of meals containing fat were regularly 
followed by a lipemia that persisted 6 to 10 hours, the lipids would rise progres- 
sively as the day advanced. In Boyd’s subjects, however, this did not occur. 
Indeed, as far as free fat was concerned, there seemed to be a distinct low point 
in the latter part of the afternoon. This suggests that muscular activity and 
the ingestion or utilization of articles of diet other than fat mitigate alimentary 
lipemia or that the ability to assimilate fat becomes accelerated in the course 
of the day. In contravention of the latter hypothesis Man and Gildea (583) 
observed an appreciable hyperlipemia 3 hours after a luncheon containing 
much fat. 

Cholesterol appears to be particularly unaffected by ordinary meals and 
activities. Turner and Steiner (912) noted no significant nor consistent 
variations in the cholesterol in the course of the day in the serum of a number 
of subjects leading their normal lives. Others have had the same experience 
(144). 

The effect of undernutrition on serum lipids 

Mere thinness or lack of adipose tissue is associated with no characteristic 
pattern of serum lipids. In the series of Gildea, Kahn and Man (353) lipids 
above the average concentration were found in certain subjects who were 
definitely underweight for their height. 

General wasting or inadequate food intake. Nevertheless, in patients whose 
nutrition has suffered as a result of wasting diseases or insufficient diets Man 
and Gildea (586) found low cholesterol and phospholipids that rose as nutrition 
improved. Entenman, Changus, Gibbs and Chaikoff (279) noted similar 
phenomena in dogs which received inadequate amounts of a normally balanced 
diet. Both sets of observers found that the neutral fat responded less regu- 
larly. In fact, this fraction in some of Man and Gildea’s cases was definitely 
elevated, even when cholesterol and lipid phosphorus had fallen to minimal 
levels. As cholesterol fell, in their cases, below the normal limits, the ratio 



482 


UPIDS 


of cholesterol to lipid phosphorus dropped quite rapidly, following the course 
described in figure 40 by the lines indicating the distribution of this ratio when 
serum cholesterol is less Ilian 150 mg. per cent. Cholesterol, therefore, suffers 
more than phospholipids in malnutrition. In children Hodges, Sperry and 
Andersen (453a) have reported that serum cholesterol declines in malnutrition, 
rising again with recovery. The ratio of free to total cholesterol also rose 
perceptibly in a certain proportion of cases, as cholesterol fell; but seldom de- 
parted from the normal range. 

These appear to be the effects of undernutrition in the simplest sense— that 
is, reduction of the total quantity of food. It has already been pointed out 
that starvation, as far as it has been studied, has a less regular effect, perhaps 
varying with species. In the rat, for instance, Sure, Kirk and Church (884) 
noted a decline of fatty acids and lipid phosphorus without change of choles- 
terol. This accords w ith the course of the liver lipids as it has been described 
by MncLachlan, Hodge, Bloor, etc. (578). In the dog Entenman and asso- 
ciates (279) detected no consistent effect of starvation on serum lipids, although 
the animals were fasted to the point of severe malnutrition. Depletion of 
serum proteins by plasmapheresis is accompanied by a decline of serum choles- 
terol (537). 

The disorders tchich are induced by unbalanced diets have been described at 
length above in the section on dietary fatty livers. In general they are charac- 
terized not only by a change in the quantity of lipids in the serum, but also 
by a change in the relative proportions of the lipids. The most frequent dis- 
turbance is a reduction of phospholipid and an increase in the proportions of 
free cholesterol and neutral fat. The concentration of total lipids varies with 
the cause of the fatty liver: lipopenia is the rule in those types in which wasting 
prevails— e.g., those induced by deficiencies of choline, vitamins or essential 
amino acids; hyperlipemia characterizes those types in which nutrition is pre- 
served — eg., those induced by excessive amounts of cystine or vitamins. 
Such conditions have not been specifically described in humans, although com- 
parable states may account for bizarre patterns of serum lipids that have been 
reported in various diseases. The nearest approach to them is found among 
patients with degenerative diseases of the liver or pancreas. Brown, Hansen, 
Burr and McQuame (139) studied a normal adult male who subsisted for 6 
months on a diet which contained none oi the essential unsaturated iatty acids. 
Such a diet in the rat will produce definite disorders and a fatty liver. In the 
human subject at the end of the sixth month serum cholesterol was unchanged. 
The concentration of fatty acids in the serum had risen somewhat and their 
iodine numbers had fallen. At the same time the quantities of arachidonic 
and linoleic acids in the serum had been cut nearly in half. Prolongation of the 
experiment might have provoked changes similar to those found in animals 
suffering from utisaturated fatty acid deficiency. Unfortunately lipid phos- 
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phorus and cholesterol fractions, which should have heen most informative, 
were not determined. 


Obesity and avertiulnlion 

The simple stale of obesity , like the state of leanness, in humans appears to be 
associated with no abnormal concentrations or patterns of serum lipids (82, 
143, 229, 429, 699). Certain of the pyknophilic males with high cholesterol 
in the series of Gildea, Kahn and Man (353) were overweight; but this did not 
appear to be the feature which was correlated with the hypercholesterolemia. 
The lipids of a large number of obese children and adults of both sexes did not 
differ from those of comparable persons without excessive adipose tissue. This 
is to be expected since the obese subject is not necessarily utilizing, and there- 
fore need not transport, more than the usual quantity of fat. 

The lack of connection between adiposity and serum lipids is further evi- 
denced in the fact that weight changes in the obese are not regularly attended 
by parallel changes in the concentrations of serum lipids (699, 708). Hetenyi 
(429) did find that when obese persons subsisted for 8 days upon highly in- 
adequate diets the fatty acids of their blood fell sharply, 18 to 43 per cent, 
whereas those of normally nourished persons were less affected. The diets 
he used were, however, distinctly unbalanced, consisting only of 800 cc. of 
milk and a few cakes daily. The Iipopenia may, therefore, have been related 
not so much to the loss of fat as to the manner in which reduction was effected. 
Somewhat similar results were observed by Peters and Man (699) after strenu- 
ous reduction measures. 

By means of deuterio ethyl esters of fatty acids of linseed oil Salcedo and 
Stetten (763a) have demonstrated that members of a congenitally obese strain 
of mice burned depot fat more slowly than normal rats did. Tepperman, 
Brobeck and I.ong (888) found that rats with hypothalamic hyperphagia, 
when given carbohydrate, converted unusually large proportions of it to fat 
with extraordinary rapidity. Their respiratory quotients rose more rapidly 
and higher than those of pair-fed rats without hypothalamic lesions after the 
administration of sugar. 

The ejects of high fat diets. That the blood lipids are not altogether un- 
influenced by the amounts of food and of fat eaten is attested by other series of 
experiments. McQuarrie, Ilusted and Bloor (621) noted striking increases 
of all the lipids of serum in children who were receiving diets consisting entirely 
or almost entirely of protein and fat. Bloor (99) fed dogs for considerable 
periods diets containing various amounts of fat. The phospholipids appeared 
to vary with the amount of fat given, while fat and cholesterol were less affected. 
Rabbits reacted much more strikingly to the dietary variations and in these 
animals cholesterol more nearly paralleled phospholipids. It is not at all 
certain that these reactions are referable specifically to the effects of fat. In 
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other experiments Bloor (100) found that single large feedings of either fat or 
carbohydrate, yielding 50 per cent more calorics than the regular diet, caused 
a rise of phospholipids that might persist for several days. Entcnman and 
Chaikoff (276) overfed dogs forcibly, thus producing obesity. Under this 
treatment serum cholesterol rose equivocally, total fatty acid and lipid phos- 
phorus slightly, but definitely. Tlock, Corwin and B oilman (310) were unable, 
by merely increasing the proportions of fat (as lard) in the diets of dogs, to 
increase the serum lipids. In fact, the postabsorptive concentration of neutral 
fat was greater when the diets contained 36 per cent of fat than when they 
contained 73 per cent. Additions of 0.25 gram per kilo of sodium choleate or 
cholesterol had no perceptible effect. A supplement consisting of 1 gram of 
crude phosphatides from adrenal glands, however, produced a striking lipemia 
within a week, which persisted so long as the phosphatide was given, 6 weeks. 
Neutral fat rose to twice or three times its original concentration, Upid phos- 
phorus and cholesterol somewhat less. When the supplement was withdrawn 
the lipids returned to normal, neutral fat leading the way. 

Evidently, therefore, it is not the amount of fat metabolized per se that de- 
termines the concentration of lipids in the serum, but more subtle circumstances 
of its metabolism which are as yet ill defined. 

The eject of feeding cholesterol has received particular attention and has been 
the subject of especial controversy. The reaction to single doses of this com- 
pound has already been discussed. Turner and Steiner (912) were unable to 
alter the scrum cholesterol of men by varying the quantity of fat in the diet 
widely. By feeding normal women large amounts of cholesterol, especially 
in the form of egg-yolk, however, Okey and Stewart (676) succeeded in raising 
serum cholesterol perceptibly. This observation was confirmed by Stein and 
Domanski (865). In view of tire experiments of Flock, Corwin and B oilman 
(310) cited above, however, the agent in the egg-yolk responsible for the reac- 
tions may have been lecithin rather than cholesterol. 

It has already been noted that large doses of cholesterol give rise to fatty 
livers and hypercholesterolemia in lats (CO, 67 , 207,. 726, 871). In rabbits 
cholesterol has an even more striking effect; besides provoking hypercholestero- 
lemia, it regularly produces athcrosis of the aorta (908, 909). In guinea pigs it 
causes fatty infiltration (207, 674), enlargement of the spleen and severe anemia 
(674). The hypercholesterolemia in these cases is attended by other disturb- 
ances in the pattern of serum lipids: increases of neutral fat and relative 
deficiencies of phospholipids. The quantities of cholesterol required to induce 
these disorders ate altogether beyond the range of dietary variations. The 
hypercholesterolemia can not be attributed merely to the backing up of choles- 
terol when the mechanism for its disposal is overtaxed, but to a profound 
disturbance of lipid metabolism. In animals this can be prevented by choline 
or other means. 
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Effect of fasting on the serum lipids 

The effect of total starvation. In starvation fat must assume the chief burden 
of providing fuel for energy production. This requires that a larger quantity 
of lipids be mobilized from the fat depots through the blood stream to the 
tissues. Such a rapid mobilization of fat might be expected to manifest itself 
in the scrum lipids. As starvation proceeds presumably a steady state will be 
established in which the animal subsists upon a metabolic mixture rich in fat. 
This need entail no greater load of fat in the transportation system than 
would any other high fat diet; it would only require that the delivery and re- 
moval of lipids to and from the blood be accelerated to keep pace with the higher 
rate of combustion. As starvation advances further the lipids of depots and 
liver become depleted and energy production falls. Under these circumstances 
the lipids of the serum might also be expected to fall as they do in malnutrition 
from other causes. Such a sequence of events has not yet been traced in any 
single series of experiments. Divergence from this course, must denote some 
change in the character as well as the rate of lipid metabolism. 

Reports of the early effects of starvation upon the serum lipids are sharply 
contradictory. Fahrig and Wacker (296), for example, noted an increase of all 
lipid components; Sure, Kirk and Church (884) report a reduction of fatty acids 
and phospholipids; Entenman, Changus, Gibbs and Chaikoff (279) detected 
no significant changes in any components. The discrepancies in these observa- 
tions can be ascribed to differences in experimental procedures and in the species 
of animals studied by the various observers. Shortly after the onset of starva- 
tion, in rats, as liver glycogen becomes depleted, the liver is infiltrated with fa t, 
the fatty adds of which have the characteristics of depot fat (40, 238, 453, 472, 
578). In carnivorous animals the initial fatty infiltration of the liver is incon- 
spicuous (472), since starvation in such animals involves no radical trans- 
formation of the metabolic mixture. This may explain why Entenman and 
his associates (279) found no initial starvation lipemia in dogs. In addition 
they analyzed whole blood, which would tend to minimize any changes that 
might occur. 

Kartin, Man, Winkler and Peters (498) have made a comparative study of 
the effects of short periods of starvation on the serum lipids of dogs, monkeys 
(macacus rhesus) and men. In dogs no hyperlipemia could be demonstrated; 
in men it was evident after a certain interval; in monkeys the lipids seemed to 
rise faster and higher than in man. The course of the scrum lipids appeared 
to be correlated roughly with that of the ketone bodies. The authors sug- 
gested, therefore, that the hyperlipemia was associated not merely with the 
mobilization of additional fat for consumption by the tissues; but with the 
routing of this fat to the liver for the production of ketone bodies. In every 
instance cholesterol was most affected, lipid phosphorus somewhat less, the 
ratio of cholesterol to lipid phosphorus following a course similar to that de- 
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picted in figure 40, which describes the relations of these two fractions in normal 
humans. Neutral fat did not change appreciably. 

In man the course of the scrum lipids during starvation was examined in 
more detail by Kartin, Man, Winkler and 3’eters (498). In 2 days of complete 
starvation fatty acids, cholesterol and lipid phosphorus rose perceptibly in only 
a small proportion of the subjects. As starvation progressed up 'to 6 days the 
same lipid fractions rose distinctly and progressively in all subjects. The 
ketone bodies of the serum pursued roughly the same course, although the 
increments of lipids and ketones were not directly proportional to one another. 
Wien ketosis remained slight, the lipids did not rise significantly. In a psychi- 
atric patient who had starved for some time, cholesterol was 284 mg. per cent, 
lipid phosphorus 11.1 mg. per cent. Wien the patient was fed they fell to 
214 and 10.8 mg. per cent respectively. In nouc of these subjects did neutral 
fat change consistently. In a woman with inoperable carcinoma of the stomach 
cholesterol fell from 203 to 107 mg. per cent, lipid phosphorus from 10.7 to 7.6 
mg. per cent, in a week while the patient, received parenteral glucose. During 
the next two w ceks, when the patient retained no food and received no glucose, 
cholesterol rose again to ISO mg. per cent and lipid phosphorus to 9.5 mg. per 
cent. Wien starvation was further prolonged both cholesterol and lipid 
phosphorus declined once more as the patient became moribund. In this case 
the ratio of free to total cholesterol gradually rose as starvation proceeded. 
Again neutral fat was unchanged. In 6 children studied by Salomonsen (766) 
the plasma fatty adds rose about 2 mEq. per liter during the first 24 hours 
and were still elevated at the end of 48 hours. The early rise, as compared 
with that in adult males may be connected with the greater susceptibility of 
children to ketosis. 

These data, scanty as they are, warrant the hypothesis that the hyperlipemia 
of starvation is related to the ketosis that attends this state. It appears to 
involve only cholesterol and phospholipids. It may be that examination of the 
serum at the proper interval in the earlier stages of starvation would reveal an 
elevation of neutral fat. From the carcinoma patient it would seem that 
cholesterol and lipid phosphorus finally dedine when malnutrition becomes 
extreme; but too much weight can not be placed upon such an isolated observa- 
tion in a highly complicated pathologic condition. The subject merits more 
intensive investigation. 

Effect of carbohydrate starvation on serum lipids. When normal individuals 
receive diets consisting entirely of protein and fat, or containing too little 
carbohydrate to prevent ketosis, the metabolism approaches that of starvation, 
but the element of malnutrition is removed. In children on such a regime 
hyperlipemia appears to develop quite regularly. In one epileptic child, by 
means of such ketogenic diets, McQuarrie, Hosted and Bloor (621) drove the 
serum cholesterol to 555 mg. per cent. In another case the serum cholesterol, 
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which was 80 mg. per cent on a mixed diet, rose to 208 mg. per cent on a diet 
containing only protein and fat. Lipid phosphorus tended to follow cholesterol 
quite closely. As the cholesterol rose, the ratio, cholesterol: lipid phosphorus, 
also rose in the usual manner. Tolstoi (901) reported a serum cholesterol of 
800 mg. per cent in a normal adult male who subsisted for approximately a 
year on a diet composed solely of meat. This particular observation followed 
a fast of 24 hours; but values of 400 to 600 mg. per cent were noted on other 
occasions. The cholesterol appeared to vary with the proportions of fat in the 
diet. Before and after the meat diet, when the subject was receiving an or- 
dinary mixed diet, the serum cholesterol was within normal limits. Depriva- 
tion of carbohydrate alone, therefore, appears to have a more profound effect 
upon the serum lipids than does complete starvation. This may be only be- 
cause it is possible to prolong it further and because it avoids the element of 
malnutrition. 

The ketone bodies in blood and urine and the effects of carbohydrate starvation 

The determination of ketone bodies, despite refinements in technique, is 
still subject to considerable inaccuracy because it involves the measurement 
of a heterogeneous group of compounds which do not react uniformly in the 
analytical procedures commonly employed. When the concentrations of 
ketones are high in blood and urine a greater degree of accuracy can be attained 
by measuring the three fractions separately; but when the concentrations are 
extremely low, as they are in normal blood, this is not feasible. The values 
given for concentrations of ketones, therefore, must be interpreted with a con- 
siderable degree of latitude. Although, in most procedures all the ketone 
bodies are converted to acetone before they are measured, the concentrations 
are frequently expressed in terms of 0-hydroxybutyric acid. It seems more 
accurate to express them in terms of acetone and this convention will be fol- 
lowed in this volume. 

The blood of normal persons in the poslabsorptive state contains usually less 
than 0.5 mg. of ketones as acetone per 100 cc., but may contain as much as 
0.8 mg. per cent (214, 459, 498, 837, 863). According to Stark and Somogyi 
(863) the concentration of ketones in cells is only about one-half that in serum, 
irrespective of the degree of ketosis. The individual ketone bodies are not 
identically distributed. Cells contain relatively more acetoacetic than /3- 
hydroxy butyric acid. 

The urine of normal persons in the poslabsorptive state also contains ketone 
bodies. Clinical and experimental estimations of ketosis have been so much 
limited to qualitative examinations of the urine by means of the nitroprusside 
test, that the erroneous impression has arisen that ketonuria is an abnormal 
condition that does not appear until carbohydrate starvation has become ex- 
treme. This has also led to the opinion that there is a “renal threshold” for the 
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ketone bodies. Since these constitute a heterogeneous group it is improper 
to treat them as a unit. Tor acetone, at least, there seems to be no threshold. 
This compound, with alcohol, belongs among the substances that are so freely 
diffusible that their concentrations in urine and plasma are the same (134) 
If there is a threshold for the two ketone acids it lies below the concentration 
of these compounds in normal serum, since ketones are regularly found in the 
urine of healthy persons leading their normal lives. Van Slyke (919) found 
as much as 280 mg. per liter; others, by methods better adapted to the measure- 
ment of the small quantities in normal urine, have reported less. Hubbard 
(458), in the urine of 6 normal adults, found 7 to 26 mg. daily, averaging 18. 
The urine of children contained 3 to 7 mg. per day. In adults Behre (49) 
found 14 to 23 mg., averaging 20; while Deuel and Gulick (232) report up to 
125 mg., with an average of 23 mg. daily. Martin and Wick (600) measured 
the ketones of blood and urine in a number of diabetic patients during recover}' 
from acidosis of variable severity. The clearances of ketones were very low 
when the concentrations in the blood were less than 1 1 mg. per cent. At higher 
concentrations the clearances rose rapidly. When clearances were plotted 
against the concentration in the blood, the relation they took approximated a 
straight line, intersecting the blood coordinate at a concentration of about 11 
mg. per cent (20 mg. per cent of 0-hydroxybutyric acid). As the concentration 
in the blood fell the proportion of acetone and diacetic acid in the urine rose 
until, at extremely low concentrations, 0-hydroxybutyric was practically absent 
from the urine. The authors concluded that there is a definite threshold for 
the exaction of fi-hydraxybutyric add at a concentration of about 20 mg. of 
0-hydroxybutyric acid per 100 cc. of blood, but that there are no thresholds for 
acetone and diacetic acid. 

The mode of excretion of ketone bodies has not been studied intensively. 
It can, however, be deduced from data available in the literature that the rate 
at which they are eliminated varies directly with their concentrations in the 
blood plasma. From the size and character of the 0-hydroxybutyrate and 
acetoacetate radicles, it seems highly probable that they arc filtered through 
the glomeruli. In this case, judging from their relative concentrations in 
blood and urine, a large proportion must be reabsorbed in the tubules. Friede- 
mann (328) found that monkeys excrete /Miydroxy butyric with more facility 
than they do acetoacetic acid. 

The effect of total starvation on the ketone bodies of blood and urine 

In total starvation when an animal must derive all its energy from protein 
and fat, the production of ketone bodies by the liver is accelerated and both 
the concentrations of these compounds in the blood and their excretion in the 
urine increase. In normal adults there is an appreciable interval between the 
inception of a fast and the appearance of gross ketonuria. The latter does not 
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reach its height until 3 to 5 days have elapsed. During this interval studies of 
respiratory metabolism reveal that diminishing amounts of preformed carbo- 
hydrate, derived from liver glycogen, are still burned. Only when the pre- 
formed liver glycogen has reached irreducible proportions is the metabolism 
maintained entirely by fat and protein. As starvation proceeds ketosis 



lie. 44. The urinary excretion of ketone bodies by normal adults during starvation. 
The broken lines represent maximum and minimum figures from 5 women, the solid lines, 
maximum and minimum figures from 5 men. From Deuel and Gulick (232). 

gradually diminishes. This diminution probably marks the reduction of total 
metabolism which is part of the usual reaction to starvation and not in any 
specific sense an adaptive reaction to starvation. This sequence of events is 
illustrated in figure 44. 

The onset and degree of starvation ketosis. Although there is a considerable 
interval between the onset of a fast and the height of ketosis, the latter does not 
begin precipitately, but quite gradually, from the end of the last feeding. 
Behre (49) noted that the rate of ketonuria began to rise within a few hours 
after the omission of a meal. The ketones of the blood of 6 subjects studied 
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by Crandall (214) averaged 0.3 mg. per cent on die morning preceding a fast 
(15 hours after their last meal). On the two succeeding mornings they hail 
risen to 11 and 21 mg. per cent respectively. Drury, Wick and MacKay (250) 
observed a gradual rise of blood ketones in the course of the first day of starva- 
tion. 



Tic 45 The course of the ketone bodies In the blood of adult male subjects during starva 
lion Trom Kartin (498) 

In the normal male ketosis of starvation does not reacii serious proportions 
because enough carbohydrate is derived from protein and oxidized. In three 
male subjects studied by Kartin (498) (see figure 45) the blood ketones after 
two days of starvation varied from 6 5 to 14 5 mg per cent; after 6 days they 
had risen to 133 to 23.1 mg. per cent. This is not enough, to tax severely the 
mechanisms for the preservation of acid-base equilibrium; the serum bicar- 
bonate does not fall below 35 to 40 volumes per cent. Ketonuria increases, 
but does not become extreme. One subject studied by Hubbard (458) ex- 
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creted 162 mg. of ketone bodies on the third day of a fast. Benedict’s (51) 
subject averaged about 6 grams of 0-hydroxybutyric acid in the urine daily 
for the last 2 weeks of his 31-day fast, reaching a peak of about 7.5 grains on 
the 19th day. In diabetic acidosis ketonuria has been known to reach 10 times 
as much as this. 

Ketone production does not wait to rise until preformed glycogen is alto- 
gether exhausted, but waxes and wanes with changes in the proportions of 
carbohydrate in the metabolic mixture. In the postabsorptive state the con- 
centration of ketones in the blood is not minimal; it can be reduced further by 
the administration of either glucose (837) or insulin (836). If, however, the 
alimentary hyperglycemia terminates with an unusually severe hypoglycemic 
reaction, this is likely to be followed by a sudden rise of blood ketones. After 
such a terminal hypoglycemia of unusual severity, Somogyi (837) observed the 
blood ketones to increase from 0.3 to 1.7 mg. per cent in the course of an hour. 
A similar ketosis follows severe insulin reactions. The ketones do not rise 
when the blood sugar is falling or as soon as it reaches a minimum, but after 
the hypoglycemia has persisted for some time or even after the blood sugar has 
begun to rise again. The preliminary drop of ketones marks the acceleration 
of carbohydrate combustion under the influence of insulin. When this over- 
shoots the mark to such an extent that glycogen suffers, fat is substituted in the 
metabolism mixture and the production of ketones by the liver is increased. 
Ketosis of this sort can be elicited only in the postabsorptive state when the 
hepatic glycogen stores are depleted. 

The effect of increasing energy metabolism on starvation ketosis. Ketosis can 
be precipitated by measures that increase the rate of metabolism if these 
accelerate the utilization of carbohydrate. The most notable factor of this 
kind is exercise. After walking 10 miles or more in the morning without break- 
fast Courtice and Douglas (211) developed distinct ketonuria. Gross ketonuria 
is frequently observed after prolonged severe exercise. Dill, Edwards and de 
Meio (239) noted ketonuria in the urine of men after severe muscular exercise 
whenever the respiratory quotient fell to 0.73 or lower. A distinction must be 
drawn between the immediate effect and the end result of exercise. If an 
individual exercises in the postabsorptive state the usual rise of ketones in the 
blood may be interrupted by the exercise; but during the subsequent rest the 
blood ketones rise at an accelerated rate (250). Under the influence of exercise 
combustion of ketones by the tissues may be accelerated; however, the reduc- 
tion of their concentration in the blood may be referable quite as much to 
diminished ketogenesis owing to renewed combustion of carbohydrate under 
the potent stimulus of muscular activity. As a result carbohydrate stores 
become still further depleted. Consequently, when muscular activity ceases, 
the production of ketones rises further than before and their consumption may 
diminish. The utilization of /5-hydroxybutyric acid injected into rabbits by 
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Musky and Broh-Kahn (632) appeared to be accelerated by the administration 
of either dinitrophenol or thyroxine. When Somogyi and Kirstein (838) pro- 
duced artificial fever by exposing patients to temperatures of 40 to 41°C. for 
4 hours the btood ketones rose in one subject to 7.3 and 3.1 mg. per cent respec- 
tively on 2 occasions. This rise was prevented in a third experiment by the 
slow intravenous injection of a solution containing 100 grams of glucose. 

In the experiments of Courtice and Doughs (211) the administration of a 
dose of carbohydrate during the exercise did not diminish the post-exertional 
ketosis appreciably; this could be prevented only by the previous provision of 
large quantities of carbohydrate. Similarly Somogyi and Kirstein (838) could 
prevent the ketosis of artificial fever by glucose only if this was given slowly 
•throughout the period of overheating. Single doses of sugar appear to be 
burned immediately for the production of energy. Only by building up the 
stores of glycogen in advance or by administering sugar continuously can pro- 
tection of glycogen against exercise be assured. The intermittent injection 
of glucose as a means of preventing ketosis and carbohydrate wastage by pa- 
tients who are unable to eat may, therefore, be relatively ineffectual if the 
glucose is given at too long intervals in relatively small quantities, especially 
if the patients have fever or other conditions that augment energy consumption. 

The elimination of ketosis by sugar. When Crandall (214) gave starving 
subjects 75 grams of glucose at the termination of their fasts, ketosis dis- 
appeared only gradually. This is in keeping with the fact (see chapter on 
Carbohydrate) that after starvation carbohydrate consumption is not immedi- 
ately resumed although the hepatic glycogen stores may have been partly re- 
constituted. The utilization of glucose appears to be particularly retarded. 
It has been repeatedly observed that galactose has a far greater antiketogenic 
action than glucose has (154, 199, 233). Galactose can be utilized only after 
it has been converted to glycogen in the liver and form3 glycogen with peculiar 
rapidity. Its utilization is not retarded as that of glucose is after starvation. 

The effect of total or partial carbohydrate starvation 

Just as ketosis increases gradually to a peak from the onset of starvation 
to its metabolic climax, so it increases as carbohydrate is withdrawn from the 
diet. It is not a feature of total starvation only, but a reaction to a condition 
in which the metabolic mixture contains too little preformed carbohydrate to 
meet the minimum operative needs of the tissues. This minimum can not be 
precisely defined because it depends on the total energy consumption, the 
quantities of endogenous or exogenous protein in the metabolic mixture and 
inherent characteristics of the animal that may, for the moment, be passed 
under the general term, individual susceptibility. 

The quantitative prediction of ketosis. In retrospect it is easy to see why 
a formula like Shaffer’s (801), which purported to predict the degree of heto- 
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nuria from the proportion of fat and carbohydrate (or their precursors) in the 
diet, failed. Under no circumstances is all the fat burned via ketone bodies; 
the tissues are at all times able to bum ketone bodies freely; the production 
of ketones alone varies with the quantities of carbohydrate in the metabolic 
mixture, and this only when the quantity of potential carbohydrate falls below 
a minimum. The degree of ketosis depends only in part upon the composition 
of the metabolic mixture; it is equally determined by the relative speeds of 
hepatic ketogenesis and tissue ketolysis which, within limits, can vary inde- 
pendently. Examples of such independent variation have already been pre- 
sented in the effects of glucose, insulin and exercise. These examples illustrate 
also the fallacy of estimating the relation of ketosis to the metabolic mixture 
on a twenty-four-hour basis. A momentary acceleration of carbohydrate 
combustion or a slight reduction of carbohydrate intake may cause a transient 
depletion of liver glycogen sufficient to elicit temporary ketosis that will swell 
the total for the day although the diet for the twenty-four hours has not devi- 
ated from the usual routine. 

The effect of fat on ketosis. The quantity of fat in a diet containing reason- 
ably large amounts of carbohydrate may be varied within wide limits without 
any noticeable alteration of the ketone bodies in blood or urine, provided fat 
and carbohydrate are given together and the intervals between feedings are 
not unduly long. If, bow ever, to a diet sufficiently low in carbohydrate of it- 
self to engender ketosis, extra fat is added, the ketosis may be aggravated (46, 
766). Such low carbohydrate (ketogenic) diets lead to nitrogen wastage, 
expenditure of tissue protein (46, 543). Teleologically this may be regarded 
as a reaction to supply carbohydrate from protein to reduce the need for ketone 
bodies. The exaggeration of ketosis by fat, however, appears to be an example 
of the protein-sparing action of fat. Salomonsen (766) found that reduction 
of the fat in a ketogenic diet increased the excretion of nitrogen and tended to 
diminish ketosis. MacKay, Came, Wick and Visscher (571) found that the 
degree of starvation ketosis in rats was inversely proportional to the amounts 
of protein they had received in the preceding diet which, in turn, were directly 
proportional to the nitrogen excretion during starvation. In persons sub- 
sisting upon diets containing no carbohydrate ketosis varies inversely with the 
quantity of protein eaten (607). The antiketogenic action of protein is refer- 
able to the carbohydrate it contributes to the metabolic mixture. 

Adaptation to ketosis. Heinbecker (410, 41 1) found that Arctic eskimos who 
eat nothing but meat excrete in the urine no more ketone bodies than persons 
of other races excrete when they are eating mixed diets. When the eskimos 
were fasted for from 3 to 7 days (411, 412) the ketonuria increased, but re- 
mained always more moderate than the ketonuria of Europeans or Americans 
who have subsisted on mixed diets. The largest amount recorded on the 
seventh day of starvation in 3 eskimos was 3.4 grams of ketone bodies (as 



494 


LIPIDS 


acetone) in the 24-hour urine. According to Corcoran and Rabindwitch (210) 
the serum lipids of Arctic eskimos do not depart from normal standards estab- 
lished for European and American whites on usual mixed diets. It is impossible 
to decide whether eskimos arc inherently less susceptible to ketosis or whether 
they have become adapted to utilize a pure meat diet. Little evidence of 
adaptation can be found in experiments on members of other races. In two 
of the subjects studied by McClellan and DuBois (607), ketonuria appeared 
to diminish after several months on carbohydrate-free diets; but the quantities 
of ketones in the urine of the three subjects differed greatly under all conditions 
and varied in the course of the experiments. At the end of a year on the meat 
diet the serum cholesterol of one of them, V. S., was 400 mg. per cent. 

The ejfects of species, sex and age on ketosis 

Species. The susceptibility to starvation ketosis varies from species to 
species, and within species with age and sex. The dog, being a carnivore, is 
far less susceptible than man (214); in fact it is usually held to be altogether 
immune. While steers, goats (546), rabbits (496, 546) and rats (158, 546) will 
develop starvation ketosis, it is trivial and far less consistent than the ketosis 
that develops in man. Monkeys more nearly resemble man in their reactions 
to starvation (636). 

Sex. Female rats, guinea pigs (158) and humans are more susceptible than 
males to ketosis. Figure 44, from Deuel and Gulick (232) illustrates the 
effects of a 4-day fast on the urinary excretion of ketone bodies by normal 
male and female adults. Ketosis develops more rapidly and attains greater 
intensity in the women than in the men. The women, in fact, could not toler- 
ate fasting longer because of the severity of their symptoms. The difference 
can not be attributed to the greater size of the men because the ketones are 
expressed in terms of grains of acetone per square meter of surface area. The 
males did jiot protect themselves from burning larger proportions of protein; 
both sexes excreted essentially the same amounts of nitrogen per square meter 
of surface area. According to Butts and Deuel (158) male and female rats, 
when merely starved, excreted equal quantities of ketones; but the females 
used injected acetoacetate less efficiently. This would seem to locate the 
defect of the female in the ketolytic process. There was, however, regularly 
more glycogen in the livers of male rats and this sex discrepancy increased as 
starvation was prolonged. In cats Chamberlin, Furgason, and Hall (177) 
report that males are more susceptible than females. 

Age. In infants and young children starvation ketosis appears and reaches 
its height more rapidly than it does in adults and assumes greater severity, 
presumably because the growing organism is more prodigal in the expenditure 
of its glycogen stores (96, 408). 

Alkalosis and ketosis. While investigating the effects of alkalosis induced 
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by hyperventilation, Davies, Haldane and Kennaway (226) noted the regular 
appearance of acetone in the urine. This observation has been repeatedly 
confirmed (71, 116, 384). MacKay, Wick, Came and Bamum (575) studied 
the effects of sodium bicarbonate, sodium chloride and hydrochloric acid on the 
fasting ketosis of rats. The animals that received alkali developed the greatest 
ketonemia, excreted the least nitrogen and had the smallest amounts of glycogen 
in their livers. The authors, therefore, concluded that acidosis promotes the 
formation of glycogen and glucose from protein, while alkalosis retards these 
processes. Ketosis has been observed in patients with clinical alkalosis due 
to the administration of bicarbonate and to loss of hydrochloric acid by vomit- 
ing (116). Beumer and Soecknick (71) and Porges and Lipschutz (710) have 
shown that starvation ketonuria in man is aggravated by the administration 
of alkali; while Adlersberg (3) claims that it is alleviated by acid ammonium 
phosphate. 

The effect oj exercise cm serum lipids 

Increases of serum lipids after heavy exercise have been reported by numerous 
investigators (296, 654, 874). According to Stewart, Caddie and Dunlop (874) 
only the triglyceride fraction is involved; white Fahrig and Wacker (296) noted 
increases in all components. Rakestraw (722) found that cholesterol remained 
unchanged. In rats Hiramatsu (451) observed no change of blood fat after 
exercise if the animals had subsisted upon a diet of rice. If, however, they 
had been fed on meat, blood fat fell sharply after exercise. Further experi- 
ments are required to eliminate these differences of opinion and to elucidate 
the significance of the hyperlipemia of exercise. 

The effect of exercise on ketosis has been discussed above. 

The actions oj drugs 

Ether narcosis, according to Bloor (92, 95) and Hospers (456), regularly 
causes hyperlipemia in which all the lipid constituents share. Mahler (581) 
found that this could be abolished by insulin, which indicates that the hyper- 
lipemia is an expression of carbohydrate starvation referable to the well recog- 
nized impairment of carbohydrate metabolism induced by ether anesthesia. 
This is further manifested in ketosis (809, 893). 

Paraldehyde, urethane (365), ethylene and nitrous oxide (456) do not appear 
to affect the serum lipids. Bloor (92) noted a slight rise of cholesterol without 
any diange in the other lipid components of plasma after ethyl alcohol. 

Gray (365) found that if rabbits were anesthetized with chloroform daily 
for several days, after about 3 weeks serum cholesterol rose and remained 
elevated for a considerable time. Lehnheer (535), on the other hand, re- 
ported that at the height of chloroform poisoning all the lipids of the serum, 
but especially free cholesterol were depressed. The differences probably 
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depend upon the severity of the intoxication. Chloroform belongs among the 
drugs which influence the scrum lipids through their toxic action upon the liver. 
The other best known members of this class of poisons are phosphorus and 
carbon tetrachloride (535). All these drugs and chemicals appear to evoke an 
initial hyperlipemia, associated with the mobilization of fat to the liver. This 
later gives way to hypolipemia if the injury to the liver is sufficiently severe 
and if the animal survives long enough. In both the liyper- and hypolipemic 
stages cholesterol and neutral fat arc relatively high, while phospholipids are 
reduced. The increase of cholesterol involves especially the free fraction. 
These conditions will be discussed at greater length in the section on diseases 
of the liver. 

The glucoside, phlorizin, deserves especial mention because of its extensive 
use in metabolism experiments. By paralyzing the absorption of glucose in 
the tubules of the kidney, thus depriving the tissues of carbohydrates, it pro- 
duces a condition resembling diabetes in its functional cflects. Its action on 
lipid metabolism is quite comparable to that of pancreatectomy. AH the 
lipids of the plasma increase as fat is mobilized from the tissues for fuel and 
ketogenesis is accelerated, resulting in hypcrketoncmia and gross ketonuria. 

THE VITAMINS 

Some general relation of the vitamins to fat metabolism have been considered 
in the introductory sections of this chapter. Few quantitative studies of the 
subject as yet deal with human physiology and pathology because adequate 
analytical methods for the measurement of vitamins and provitamins in body 
fluids are just becoming available. 

The fat soluble vitamins A, E and K are treated in a separate section. 

Vitamin D and its provitamins 

The general chemistry and metabolism of these substances, their relation 
to oilier sterols and to lipid metabolism, have already been discussed. There 
is no chemical method by which their concentration in blood or tissues can be 
measured, biological methods of assay which have been proposed are crude 
and unsuited to the investigation of human physiology or pathology (939). 
What little Is 'ktutoh c4 the absorption, storage and utilization oi these materials 
has been largely derived by inference from studies of calcium and phosphorus 
and will be discussed in the chapters dealing with these subjects. 

Vitamin C 

As far as is know n this vitamin has no direct influence upon the metabolism 
of fat. Its relation to the sterol metabolism of the adrenal cortices will be 
discussed elsewhere. 
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The vitamin B complex 

The effect of the B vitamin components on fat metabolism has already been 
discussed in some detail in connection with dietary fatty livers. Specific 
effects of individual components on serum lipids or fat metabolism in man have 
not been reported. 

Signs of thiamin deficiency develop more slowly in animals receiving a high 
fat, low carbohydrate diet than in those that are fed high carbohydrate (294, 
764). It has, therefore, been claimed that high fat diets exert a sparing effect 
upon thiamin (24, 294). Chemical examinations do not substantiate this view 
(716). By appropriate tests it can be demonstrated that the tissues of animals 
on these diets are quite as depleted of thiamin as the tissues of animals that 
have received large quantities of carbohydrate (25). The high fat diets appear 
merely to suppress the manifestations of this deficiency. It has also been 
suggested, for similar reasons, that thiamin promotes the formation of fatty 
acids from carbohydrate or its precursors. Boxer and Stetten (116c), by 
means of heavy water, found that rats which received thiamin with fat-free 
diets synthesized no more fat than rats which received the same amounts of 
food without thiamin. Thiamin appears to promote formation of fat only by 
stimulating appetite. 

THE ENDOCRINE GLANDS 

The thyroid gland 

In 1922 Epstein and Lande (281) showed that in diseases of the thyroid 
serum cholesterol tends to vary inversely as the basal metabolism. Since 
then it has been demonstrated by numerous observers that not only cholesterol 
(74, 76, 124, 357, 469, 470, 471, 589, 601), but also other lipid components of the 
serum (44, 124, 357, 407, 408, 589, 664), tend to be low in hyperthyroidism 
and high in myxedema. 

Serum cholesterol in thyroid disease. The diagnostic importance of cholesterol 
has been especially emphasized by Hurxthal (468, 469, 601), who has claimed 
that it is superior to the basal metabolism as a criterion of thyroid activity. 
In a series of 47 patients with overt hyperthyroidism he found an average 
serum cholesterol of 130 mg. per cent, at the extreme low normal limit (601). 
On the other hand, values up to 190 were observed. Likewise in 23 patients 
with myxedema serum cholesterol averaged 321 mg. per cent, at the extreme 
upper normal limit; but values as low as 210 were recorded. Although the 
cholesterol concentrations in myxedema and hyperthyroidism did not overlap, 
about half the values in each condition fell within the normal range. On the 
whole cholesterol falls above the norma! range in outspoken myxedema more 
often than it falls below in hyperthyroidism (357, 589). Nevertheless, it can 
serve as no more than contributory diagnostic evidence. Hurxthal (601) 
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has claimed that in hyperthyroidism the degree of hypocholesterolemia is 
proportional to the severity and duration of thyrotoxicosis. It is generally 
agreed, however, that it can not be correlated with the basal metabolism or 
other objective measures of thyroid activity (357, 589, 601, 777). Ilurxthal 
was also unable to correlate scrum cholesterol at all precisely with the degree of 
malnutrition. Man, Gildea and Peters (589) could not assure themselves 
that this feature of hyperthyroidism was altogether without influence. The 
predominant determinant of the concentration of cholesterol in bypertbyroid 
ism, however, appeared to be the concentration characteristic of the individual 
when in the euthyroid state. From the concentrations attained after operative 
relief of the condition Man, Gildea and Peters concluded that those patients 
who had the lowest cholestcrols when thyrotoxic belonged to the group of 
normals who habitually had low cholestcrols in health; while those with nor- 
mally high cholesterol maintained a relatively high cholesterol, within normal 
limits, even when they had Graves’ disease. This was even more evident 
among the myxedematous patients (357). Judged by the cholesterol of the 
serum after myxedema had been relieved by thyroid medication, the most 
extreme hypercholesterolemia developed in those with normally high choles- 
terol. This general relation is also evident in cardiac patients who were sub- 
jected to total thyroidectomy by Gilligan, Volk, Davis and Blumgart (358). 

Sertun Jot and phospholipid in thyroid disease. It has been reported that 
both phospholipids (124) and neutral fat (74, 76, 124, 407, 408) parallel choles- 
terol in the serum in thyroid disease. Boyd and Connell (124) state that in 
hyperthyroidism neutral fat drops more than cholesterol .white lipid phosphorus 
falls least. Tliis was not verified by Man, Gildea and Peters (589), who found 
that phospholipid followed quite consistently the course of cholesterol, but that 
fatty acids were less regularly affected. As cholesterol falls below the normal 
limits the cholesterol: lipid phosphorus ratio also diminishes, just as it does in 
malnutrition (700). Cholesterol, therefore, falls faster than phospholipids. 
But as cholesterol rises in myxedema this ratio rises: that is, phospholipids 
increase faster than cholesterol does. Within the normal range the ratio in 
hyperthyroids, hypothyroids and euthyroids is the same. The course which 
this ratio takes as cholesterol varies over a wide range is illustrated in figure 40. 

The neutral fat of the serum lipids appears to be practically uninfluenced 
by thyroid activity (700). High neutral fat is seen in patients with hyper- 
thyroidism and striking hypocholesterolemia. In neither thyrotoxicosis nor 
myxedema does neutral fat parallel cholesterol in its responses to therapy. 
In one patient, reported by Peters and Man (700), with minimal neutral fat 
in her serum, cholesterol rose to 407 mg. per cent after thyroidectomy, but the 
fat remained unchanged. 

Schwarz and Topper (798) have reported that the ratio of free to total 
cholesterol in the serum of children with myxedema (cretins) is usually ab- 
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normally high. Boyd and Connell (124) state that as cholesterol falls in hyper- 
thyroidism the esters suffer more than the free fraction. In adults with 
myxedema, on the other hand, Man (700) and McElroy, Schuman and Ritchey 
(611) found a normal cholesterol partition, although in Man’s series total 
cholesterol varied from 199 to 911 mg. per cent. 

Nicholls and Perlzweig (664) found that as the fatty acids of the serum 
fell in hyperthyroidism their iodine numbers rose. This may be only a par- 
ticular example of the general rule that the highly unsaturated fatty acids in 
the body are the most sedulously preserved. 

The diagnostic value of serum lipid determinations in diseases of the thyroid 
is limited; as an adjunct to other procedures it has a distinct place. A cho- 
lesterol below normal does not signify hyperthyroidism, nor does a normal 
cholesterol exclude the condition On the other hand, if cholesterol is in or 
above the upper limits of the normal range thyrotoxicosis is improbable. 
This may aid in the differentiation of patients with high basal metabolism 
without thyroid disease. Vice versa, low cholesterol is extremely rare in 
myxedema 

The effect of therapy on serum lipids. After iodine, operation (470, 589) 
or x-ray treatment (547) of thyrotoxicosis, cholesterol and phospholipids rise if 
hyperactivity of the gland is allayed; in myxedema they are reduced by ad- 
ministration of active thyroid preparations (357, 469). In both conditions 
they return to normal if the euthyroid state is attained. Immediately after 
thyroidectomy for hyperthyroidism Atman, Fenz and Uebcrrack (21) observed 
a transient fall of serum cholesterol. This they attributed to the sudden re- 
lease of thyroid hormone from the thyroid gland during the operative pro- 
cedure. 

In both normal animals (308, 900) and humans (358, 700) serum cholesterol 
rises after removal of the thyroid. Active thyroid preparations cause choles- 
terol to diminish if they induce a state of hyperthyroidism (74, 692, 776, 911, 
912). Page and Farr (683) were unable to reduce the hyperlipemia of patients 
with nephrosis by giving thyroid in amounts sufficient to drive the basal me- 
t&hoHsm Isc shove norms! This leads to the surmise that the Hpemia of (he 
nephrotic syndrome is not referable to deficient thyroid activity. In certain 
patients with low basal metabolism which does not respond or responds im- 
perfectly to thyroid, serum cholesterol is little affected by therapeutic doses 
of thyroid substance. In these subjects serum cholesterol is usually not ele- 
vated (69S). The ineffectiveness of thyroid preparations does not indicate 
that their cholesterol is not susceptible to the influence of the thyroid hor- 
mone, but rather that they have unusual ability to dispose of the hormone. 

The origin of the lipid disorder in thyroid disease. Because hypercholestero- 
lemia is associated with low basal metabolism in both myxedema and the 
nephrotic syndrome, Epstein and Lande (281) proposed that there was a general 



500 


LIPIDS 


inverse relation between the two functions. This theory proved untenable. 
Both basal metabolism and serum lipids are reduced in malnutrition. The 
administration of enough dinitrophenol to raise the basal metabolism and to 
keep it at a high concentration does not alter serum cholesterol (218). Thomp- 
son and Long (900) found that in dogs hypercholesterolemia that followed 
thyroidectomy was abolished by removal of the hypophysis. This seemed to 
place the responsibility for the Hpcmia not directly upon the reduction of 
thyroid activity, but upon increasing pituitary activity elicited by the hypo- 
thyroidism. This was somewhat at variance with reports that pituitary 
preparations possessing thyrotropic activity decreased serum cholesterol (715) 
even after removal of the thyroid gland (910). When Entenman, Chaikoff 
and Reichert (278) repeated the experiments of Thompson and Long with 
pair-fed animals they found that the hypocholesterolemia that followed re- 
moval of the pituitary arose only from failure of the hypophysectomized animals 
to eat. The cholesterol of simply thyroidectomized animals rose no more than 
that of thyroidectomized hypophysectomized animals if the diets of the former 
were limited to the quantities of food taken by the latter. On the other hand, 
the cholesterol of the thyro-hypophysectomized animals rose quite as much as 
that of the simply thyroidectomized if the former were given by gavage as 
much food as the latter took voluntarily. 

This means that the susceptibility of the blood lipids to the long term effects 
of diet are enhanced by removal of the thyroid. It does not follow that the 
alimentary lipemic reaction is exaggerated. Leitcs, Sorkin and Agaletzkaja 
(540) found that a fatty meal consisting of butter provoked a normal alimentary 
lipemic reaction in patients with hyperthyroidism, but a delayed curve in 
myxedematous subjects. Hepler (418) claims that, although administration 
of thyroid substance docs not lower the senim cholesterol of dogs, the cholesterol 
does rise when thyroid is discontinued. At this time the alimentary lipemic 
reaction is reduced. The hyperlipemia of myxedema is not associated with 
excessive deposition of fat. The lipemic operated animals of Entenman and 
his associates were not fatter than their unoperated pair-fed mates. Thyroid 
deficiency in general does not give rise to obesity. MacKay and Sherrill (572) 
found that the bodies of thyroidectomized rats contained less fat than the 
bodies of unoperated rats. 

The hypercholesterolemia of myxedema can not be attributed to failure of 
the excretory mechanism. Fleischmann and Wilkins (309) found that pa- 
tients with hypothyroidism, when given low cholesterol diets, had negative 
sterol balances. Neither in these patients nor in normal subjects were the 
balances appreciably influenced by administration of thyroid substance, al- 
though serum cholesterol was greatly affected. 

The rabbit differs in certain respects from other animals in its reactions to 
both cholesterol and thyroid. Its propensity to develop hypercholesterolemia 
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and atherosclerosis of the aorta and other major vessels, when given large 
amounts of cholesterol, has already been mentioned (329, 682, 908). Turner 
(908) found that both the lipemia and the atherosis can be prevented by giving 
active thyroid preparations or inorganic iodine compounds. If, however, 
cholesterol administration is continued fora long enough time, blood cholesterol 
rises even if iodine is given uninterruptedly (909). After the atherosclerosis 
has developed iodine has no beneficial effect, but rather tends to aggravate 
both conditions (624, 909). Thyroid preparations under the same circum- 
stances cause a transient drop of cholesterol, which subsequently rises higher 
than ever (909). In thyroidectomized animals the lipemia and atherosis 
caused by cholesterol can not be abated by inorganic iodine (908). If such 
animals are given thyroid preparations, cholesterol and iodine they develop 
some lipemia, but little atherosclerosis (909). The effect of iodine prepara- 
tions, therefore, is linked with the action of the thyroid hormone. There 
has been some difference of opinion about the effects of thyroidectomy per se 
upon the serum cholesterol of rabbits: some observers have noted hyper- 
cholesterolemia (308), others have not (329). Turner (911) found that the 
cholesterol of serum rose only slightly unless the animals were given at the 
same time some cholesterol. Furthermore atherosis could be produced only 
under the same conditions. 

The cholesterol atherosis of rabbits, therefore, can not be attributed merely 
to hypercholesterolemia, since its intensity is not correlated with the concen- 
tration of cholesterol in the blood. Duff (252), after reviewing the subject 
in the light of pathologic examinations of the arterial lesions, has concluded 
that the vessels must be injured before cholesterol is deposited in their walls. 

The anterior Jobe oj Jhe hypophysis 

The action oj anterior lobe extracts. Anselmino and Hoffman (14) in 1931 
reported that certain extracts of the anterior lobe of the pituitary gland, when 
administered to rats or to human beings, provoked ketonuria. In subsequent 
papers they asserted that these extracts also promoted fatty infiltration of the 
liver and regulated the fatty acids of the blood, increasing them if they were 
low, diminishing them if they were high (15). These phenomena tney attri- 
buted to a fat metabolism hormone which was poured into the blood, where its 
presence could be demonstrated whenever the metabolism of fat was acceler- 
ated— for example, after a fatty meal. Most of these claims have not been 
substantiated; but it has been shown by many other observers that crude 
extracts of the anterior pituitary increase the quantity of lipids in the liver 
and provoke ketonuria (58, 78, 311, 334, 367, 661) that may be accompanied 
by hyperlipemia (311). 

Fatty infiltration of the liver accompanied by ketonuria signifies that carbo- 
hydrate combustion is retarded or abolished and that fat is serving as the chief 
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source of energy. This is consistent with the observation that pituitary ex- 
tracts regularly induce ketonuria in fasting, but not in fed rats (58, 78, 807) 
and that the ketonuria is prevented or abolished by administration of sugar 
(156). Foglia (311) and Mufioz (652) reports that the hyperlipemia is not af- 
fected by removal of the pancreas. Gray (363) finds koto genic activity corre- 
lated w ithglycotrophic, while Shipley and I.ong (807) find it correlated with dia- 
betogenic activity. Fry (334) and MacKay and IJarnes (566) have shown that 
the ketonuria is suppressed by adrenalectomy which also, according to MacKay 
and Hames (567) abolishes the fatty infiltration of the liver. In this respect 
the disorders of fat metabolism behave like the other disturbances produced 
by the diabetogenic principle of the pituitary- These phenomena, therefore, 
appear to be only special features of the effects of carbohydrate starvation. 

The effects of hypophysectomy. After removal of the hypophysis Chaikoff, 
Gibbs, Holton and Reichert (169) noted only occasional slight hyperlipemia. 
They also report that hypophysectomy mitigates the fat infiltration of the liver 
that usually follows removal of the pancreas. Issekutz and Verzdr (475) found 
that hypophysectomized rats did not develop fatty livers when poisoned with 
carbon tetrachloride. These may be only expressions of the malnutrition 
from which pituitarylcss animals suffer because of their iailurc to eat. This is 
illustrated also in the behavior of thyroidectomized dogs after removal of the 
hypophysis, to which reference has been made above. 

The fatty infiltration of the liter induced by anterior pituitary extracts has been 
placed by some observers in the same category with the dietary fatty liver; 
but all evidence indicates that it should be classed with the fatty livers of 
starvation. The composition of the hepatic lipids has not been investigated. 
The pituitary fatty liver is, however, attended by hyperlipemia and ketonemia, 
signs of accelerated fat combustion not characteristic of the dietary fatty liver. 
The prevention of fatty livers by hypophysectomy, to which reference was 
made above, may be attributed to malnutrition which regularly retards hepatic 
fat infiltration. By giving lipocaic to guinea pigs Julian, Clark, Prohaska, 
Vermeulen and Dragstedt (491) prevented the liver-fattening effects of anterior 
pituitary extracts. They also found that h^pophysectomized-depancreatized 
(Houssay) dogs developed fatty livers unless they were given lipocaic. They 
therefore concluded that lipocaic is a hormone elaborated by the pancreas 
which exerts its lipotropic effect by nullifying the action of the betogenic hor- 
mone of the anterior pituitary. That the Houssay dog should develop a fatty 
liver that responds to lipocaic is quite logical, since tills animal is depancrea- 
tized. Hypophysectomy has, however, protected it against the fat mobiliza- 
tion of starvation (169) as it protects depancreatized animals against most of 
the other features of carbohydrate starvation which derive from diabetes. It 
remains to be learned whether and why lipocaic can also abate the hepatic 
infiltration induced by anterior pituitary extracts, which is presumably only 
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a result of carbohydrate starvation. It may be that lipocaic has a more 
general power to facilitate the motions of lipids through the liver. Experi- 
ments of Aylward, Channon and Wilkinson (23), already cited under the dis- 
cussion of dietary fatty livers, suggest that choline has such properties. Chai- 
koff and associates (168a) have reported that removal of both pituitary and 
thyroid glands leads to fatty infiltration of the liver that eventually results in 
cirrhosis. At the same time the phospholipids and both fractions of cholesterol 
are elevated. The postulation of specific fat-metabolism hormones from 
either the anterior pituitary or the pancreas is altogether premature. Studies 
of the nature, as well as the quantity, of lipids in pituitary fatty livers should 
be enlightening. 

. In acromegaly hyperlipemia and hypercholesterolemia, which are sometimes 
encountered, may be attributed to the diabetes or other disorders associated 
with this disease (583). 

In pituitary basophilism there are no characteristic disturbances of serum 
lipids (583). 

The literature — especially the clinical literature— abounds in descriptions 
and discussions of hypopituitary obesity. There is no experimental or patho- 
logical evidence that reduction or destruction of the hypophysis ever gives rise 
to obesity. On the contrary the regular sequel of hypophysectomy is wasting. 

The posterior lobe of the hypophysis 

Extracts of the posterior lobe of the pituitary also affect liver fat. Their 
action, in contrast to that of anterior lobe extracts, is sudden and transitory. 
Activity appears to be confined to the pressor principle (473). Injections of 
large quantities of pitressin cause the lipids of the livers of rats to rise quite 
rapidly, but the elevation is of short duration (642). According to Hynd and 
Rotter (473) there is a coincident reduction of liver glycogen. Mukerji and 
Van Dyke (642) were unable to modify the reaction by large doses of choline. 
This would suggest that in this case also the fatty infiltration of the liver is 
connected with a disturbance of carbohydrate metabolism. Raab (7 19) claims 
to have obtained from both anterior and posterior lobes a principle, which he 
has named "lipoilrin,” that lowers blood fat, diminishes ketosis and, at the 
same time, increases liver fat. These claims tack confirmation. 

The pancreas and insulin 

Removal of the pancreas. Because it reduces carbohydrate combustion to a 
minimum, removal of the pancreas leads to the immediate mobilization of fat 
from the depots to the liver and accelerates fat combustion. Consequently 
all the lipid constituents of the plasma rise sharply (103, 352, S50, 667, 800). 
At the same time ketone bodies in the plasma and urine increase. In starva- 
tion or when carbohydrate is removed from the diet these reactions are re- 
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strained because the muscles can bum the carbohydrate that is derived from 
amino acids. Tins resource is removed by pancreatectomy. In animals like 
man, the dog and the pig, therefore, that require some carbohydrate in the 
metabolic mixture, both hyperlipemia and ketoneraia become extreme. The 
latter, indeed, reaches such a degree as to produce deficiencies of bicarbonate 
and base, resulting in serious dehydration (sec chapters on Water, Sodium and 
Bicarbonate). Because of the hemoconcentration that ensues the hyperlipemia 
ia further exaggerated. 

The ketosis may be influenced by the quantity of carbohydrate administered 
to animals. Macacus monkeys, it has been shown by Mirsky and his associates 
(636), develop only moderate ketosis after removal of the pancreas unless they 
arc deprived of food. Mirsky, Herman and Broh-Kahn (634) showed that the 
ketoncmia and ketonuria of dcpancreatized and phlorizinized dogs could be 
reduced by the intravenous injection of glucose at such a rate that glycogen 
was laid down in the liver. It has not been possible, however, to influence the 
ketonuria or lipemia of dcpancreatized dogs by oral administration of carbo- 
hydrate, apparently because it is not absorbed rapidly enough. 

Hyperlipemia, kctonemia and ketonuria can be abolished by administration 
of appropriate quantities of insulin. In the depancreatized animal this does 
not eliminate the fatty infiltration of the liver, but merely alters its character 
(352). The nature of the fatty liver of the dcpancreatized animal that is re- 
ceiving insulin has been discussed above and reasons have been given for the 
opinion that the fat infiltration under these conditions is only a variant of the 
dietary fatty liver, not the result of a hormonal deficiency. 

The effect oj insulin, the hormone of the pancreas, upon lipemia and ketosis 
depends upon the metabolic state of the animal to which it is given. When 
given to the depancreatized animal, by restoring the ability to burn carbo- 
hydrate, it regularly abolishes both lipemia and ketosis. In the normal man 
with well preserved glycogen stores insulin does not alter the concentration of 
lipids (583, 68S, 745). On the other hand its initial effect is to reduce blood 
ketones at any time when carbohydrate is not being oxidized at a fairly rapid 
rale (767, 836), because it accelerates combustion of carbohydrate so long as 
any is available. Salomonsen (767) gave insulin to children after fasts of 
various duration. The blood ketones decreased in every case; but the decre- 
ments diminished as the blood sugar fell, being smallest in those with the lowest 
blood sugar. If the glycogen stores are depleted and there is a moderate degree 
of ketonemia, insulin will diminish the latter temporarily by accelerating the 
combustion of glycogen in the muscles and placing the liver under compulsion 
to yield more sugar. If the glycogen depletion is extreme insulin may have 
little or no effect upon the ketonemia. In any case, as the effect of insulin 
wears off, because liver glycogen is exhausted and the animal is forced to sub- 
sist on fat and protein, ketonemia increases (836). Gottschalk and Springbom 
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(361) noted ketonuria without glycosuria in a patient who went into prolonged 
coma as the result of an overdose of insulin. Under these conditions hyper- 
lipemia might also be expected; but serum lipids do not seem to have been 
determined. 

Fat atrophy . Shortly after the use of insulin in the treatment of diabetes 
had become general it was reported by Barborka (29) that in certain patients 
it caused atrophy of the subcutaneous tissue at the site of its injection. This 
was quickly confirmed by numerous observers (107, 230, 761). The phe- 
nomenon deserves mention here only because it has been attributed variously 
to some peculiar susceptibility of the diabetic subject or to some specific effect 
of insulin or a contaminant of insulin upon the subcutaneous fat. It has now 
been established that it is only the result of repeated trauma, specific neither 
for insulin nor diabetes. It develops when insulin is too frequently injected 
into a given area. Women appear to be more susceptible than men. 

The adrenal cortex 

Action upon serum lipids. Because the adrenal cortex is so rich in cholesterol 
and because the hormones which it manufactures are steroid in character, 
attempts have long been made to prove that it has a specific influence upon 
the metabolism of lipids, and especially cholesterol. The results have not been 
altogether consistent. After removal of the suprarenal glands most observers 
have noted no change of serum cholesterol (43, 728, 732). In patients with 
Addison’s disease it has been reported slightly elevated (623). A number of 
observers have found that blood cholesterol is lowered by the injection of 
cortical extracts (42, 623, 892). In neither Cushing's pituitary basophilism 
nor the adrenocortical syndrome have any consistent abnormalities of the 
patterns or concentrations of serum lipids been discovered (359, 438, 464, 583, 
977). In these conditions serum cholesterol is more often slightly elevated 
than reduced; but this may be attributed to the diabetes or the renal dis- 
turbances that so often accompany these diseases. 

Action upon lipid metabolism. Through its action on carbohydrate metabo- 
lism the adrenal cortex may influence the concentrations of lipid* in the serum 
and liver and the production of ketone bodies. Adrenalectomy suppresses 
the ketonuria and the hepatic fat infiltration induced by extracts of the anterior 
lobe of the hypophysis (334, 567). These disturbances can not be reanimated 
by injection of adrenal cortical extracts. MacKay and Barnes have also 
shown that removal of the adrenals of rats mitigates starvation ketosis (566) 
and diminishes or abolishes the sex difference in susceptibility to ketosis (568). 
Shipley and Fry (806) could not provoke ketonuria in the fasting rat by in- 
jection of adrenal cortical compounds. 

Impairment of the absorption of fat after adrenalectomy has been described 
by Verziir and Laszt (923) and confirmed by Bavetta and Deuel (45). The 
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latter attributes some significance to the disorder, since the absorption of water- 
soluble compounds of butyric acid appeared to be unaffected by adrenalectomy. 

Steroid metabolism. A highly specialized steroid metabolism must, of course, 
be recognized as a particular function of the adrenal cortex, but knowledge 
of the processes involved in the production of the cortical steroids is incomplete. 
The high concentration of cholesterol and cholesterol esters in the organ sug- 
gests that this material forms the substrate from which the hormones of the 
adrenal cortex are manufactured. To support this hypothesis Sayers, Sayers, 
Fry, White and Long (768) have shown that the quantity of cholesterol in the 
adrenal glands of rats falls sharply within three hours after the administration 
of an anterior pituitary extract of high adrenotrophic potency. When injec- 
tions are given daily for 3 days the amount of cholesterol in the glands exceeds 
that in the glands of normal uninjectcd rats. In addition there is the possibility 
that the adrenal cortex may serve as a labile repository for cholesterol. Oleson 
and IMoor (677) found that the total weight of guinea pigs’ adrenals did not 
diminish after fasting for from 3 to 14 days. The cholesterol in them dimin- 
ished steadily, the esters especially suffering; phospholipids did not change 
significantly; fatty acids decreased by an amount too great to be accounted 
for by the reduction of cholesterol esters. 

The nature and action of the steroids found in or elaborated by the adrenal 
cortex are discussed below in the section on steroid hormones and their me- 
tabolism. 


The adrenal medulla 

Epinephrine has no appreciable effect upon the serum lipids (142, 354, 557). 
An apparent hyperlipcmic action announced by Himwich and Spiers (450) was 
shown by Long and Venning (557) to be due to technical errors. Injections of 
adrenalin do, however, cause an acute ketonemia and ketonuria (460), pre- 
sumably referable to their inhibitor)’ action upon the combustion of carbo- 
hydrate by the tissues. 

The testes 

Randall (727) claimed that injections of testosterone, continued over a 
period of 3 weeks, caused the serum lipids of schizophrenic patients to rise. 
The changes reported were small. Numerous others have been unable to 
demonstrate any effect of testosterone upon the serum lipids of animals or 
human beings (378, 517, 562). 

Like the adrenal cortices, the testes contain large amounts of cholesterol, 
especially rich in esters, and secrete a steroid hormone. The nature and 
metabolism of this hormone is discussed in the section on steroid hormones 
below. 
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The marks and the female sex cycle 

Two separate steroid hormones are secreted by the ovaries. One, estrone, 
which is found in the ovarian follicles, may be regarded as the counterpart of 
the male sex hormone, in that it appears to determine sex-differentiation. The 
other, progesterone, the product of the corpus luteum, is more intimately 
concerned with the processes of conception and gestation. 

Action of female sex hormones on serum lipids. These and other hormones 
involved in the female sex-cycle, unlike the male sex-hormone, appear to have 
a definite effect on lipid metabolism. Estradiol benzoate, a product with 
estrogenic activity, if given in large doses to rats receiving diets containing 
large proportions of saturated fat, but devoid of essential fatty acids, increases 
total serum lipid strikingly (553) and promotes storage of body fat (554). 
Both estrone, the follicular hormone, and antuitrin-S, an anterior pituitary 
gonadotrophicpreparation, according to Bogdanovitch and Man (111), increase 
the fatty acids in the blood and the livers of guinea pigs, without affecting lipid 
phosphorus or cholesterol. 

Significance was attached by Okey and Boyden (675) to certain fluctuations 
of serum cholesterol during or near each menstrual period. The changes they 
reported were not convincing in magnitude or consistency and have failed of 
verification. 

Effect of pregnancy on serum lipids. It is generally agreed that the plasma 
cholesterol of women and of other animals increases during pregnancy (118, 296, 
341, 420, 678, 712, 867). Fatty acids (118, 296, 420) and phospholipids (118, 
296, 678) also rise somewhat. The rise of cholesterol begins some time after 
the second month. According to Gardner and Gainsborough (341) it con- 
tinues through the thirtieth week, after which it diminishes again before de- 
livery. At its peak the increment of cholesterol amounts to from 50 to 100 
per cent of the normal non-pregnant concentration. Bloor and Knudson (104) 
claimed that the esters especially increased; Boyd (118) found a normal par- 
tition of cholesterol fractions at term. Gardner and Gainsborough (341), 
on the other hand, found that the increment of cholesterol is entirely composed 
of free cholesterol; in fact the esters diminish. Ratios of free to total cholesterol 
sometimes exceeded 0.90. With the drop of cholesterol towards term the ratio 
again became normal. This may explain the results of Boyd, who confined his 
attention to the period immediately preceding delivery. Concerning the 
causes of the lipemia nothing is known. The accumulation of cholesterol can 
not be ascribed to unpaired excretion, since Kaufman and Muhlbock (499) 
found negative sterol balances in pregnancy. 

After abortions Boyd (123) noted an increase of cholesterol that involved 
particularly esters. After delivery the lipids gradually return to normal non- 
pregnant concentrations (119, 341). According to Boyd (119) they decrease 
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steadily in women who begin to lactate at once. In women who do not nurse 
their infants they fall while the breasts are filling, but rise again fora time when 
the breasts become engorged. In this rise fatty acids are most affected, phos- 
pholipids neat, cholesterol least. In women, therefore, the plasma lipids arc 
normal after lactation has been established. In milch cows, whose capacity to 
produce milk lias been greatly over-developed, however, the fatty acids and 
lipid phosphorus of the plasma arc distinctly elevated during lactation (604, 
770). 

The alleged ketosis of pregnancy. It was claimed by Bokelman and Bock 
(113, 114), Schmidt (774) and others that during pregnancy the concentration 
of ketone acids in the blood rises. This was offered as an explanation of the 
serum bicarbonate deficit regularly found in pregnant women. Oard and 
Feters (668), however, showed that the low bicarbonate is due, not to accumu- 
lation of organic acid, but to deficiency of base in the serum. The concen- 
trations of ketones in the blood and urine which were reported by Bokelman 
and Bock (113) only occasionally exceeded those of non-pregnant women. 
The gravid woman appears to develop starvation ketosis more rapidly and 
easily than the non-gravid woman docs (113, 114, 397, 39S). In pregnancy 
liver glycogen may be expended more rapidly when exogenous carbohydrate 
is withdrawn, or the supply oi glycogen may be smaller than usual. Schmidt 
(774) found low quantities of glycogen in the livers of pregnant dogs. 

The female steroid hormones and their metabolism arc discussed in the 
section on steroid hormones below. 

TIIE METABOLISM OF LIPIDS IX DISEASE 

Diabetes 

Scrum lipids in diabetes. Attention was first called to the pathologic altera- 
tions of the fatty constituents of blood by the discovery of lactescence in the 
blood of patients with diabetes and nephritis. When analytical methods were 
devised it was discovered that a general increase of all the lipids of the blood 
occurred with considerable frequency in patients with diabetes mellitus (115, 
304, 510, 511, 762, 797). Although the lipemia did not seem to be directly 
related to glycosuria, glycemia or ketonuria (76, 82, 96, 510), it usually occurred 
in severe cases of diabetes with a tendency to ketosis and acidosis (115, 304, 487, 
510, 763, 797). It was partly the occurrence oi this lipemia that led Bloor (96), 
Allen (7), Joslin (487) and others to conclude that the diabetic organism had 
some defect in the mechanism for the transportation, disposal or metabolism 
of fat. This has been a major argument of those who advocate limitation of 
fat in the diets of diabetics. When the advent of insulin made it possible to 
control even severe diabetes it became evident that the degree of lipemia in 
diabetics as a whole depends not on the inherent severity of the disease, but 
upon the success of therapeutic measures in controlling the disorder of carbo- 
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hydrate metabolism. Even before insulin was available Newburgh and 
Marsh (662, 663) showed that diets containing as much as 200 grams of fat 
daily were not injurious to diabetics. Marsh and Waller (599) and Blather- 
wick (80) showed that, in patients who improved on such diets, blood fats fell. 
More recent evidence indicates that the diabetic who is enabled either by diet 
or insulin to utilize an adequate amount of carbohydrate behaves like a normal 
person with respect to the metabolism of lipids. The concentrations and 
patterns of lipids in the sera of such patients are normal (174, 592). 

Alimentary lipemia of diabetics and the effects of diet on serum lipids 

Bing and Heckscher (76) noted more than the usual hyperlipemic reaction 
after the ingestion of fat in a group of diabetic subjects with normal post- 
absorptive serum lipids. Others have reported similar observations (404). 
This is not, however, a consistent phenomenon (82); normal alimentary re- 
sponses were seen by Man (583) in well regulated patients who received insulin 
with the fatty meal. The same difference of opinion persists about the effects 
of diets containing unusually large proportions of fat with little carbohydrate. 
Freyberg, Newburgh and MurriU (326) deny the allegation (404) that with 
modem methods of treatment sudi diets cause consistent and constant hyper- 
lipemia. Rabinowitch (721) claims that diets low in fat and rich in carbo- 
hydrate tend to keep serum cholesterol low. 

It is impossible in such a complicated condition as clinical diabetes to inter- 
pret irregular correlations by purely statistical methods in terms of cause 
and effect. Diabetes as it is seen in the clinic is not a uniform condition like 
the diabetes of the depancreatized animal. The disorder of metabolism is only 
the greatest common divisor, implanted upon a variety of diseases and dis- 
orders. Freyberg, Newburgh and MurriU (326) found a small number of pa- 
tients who did have high postabsorptive serum cholesterol, even when their 
diabetes was well controlled. Of the cases of Man and Peters (592) 19 out of 
79, irrespective of diet or the severity of the disease, had hyperlipemia in the 
absence of acidosis. In 7 of the 19 hepatic or renal disease could account for 
the hyperlipemia. Of the remainder 9 exhibited extreme instability of the 
autonomic nervous system, frequently associated with hypermetabolism with- 
out thyrotoxicosis. One of these had Parkinson’s disease, another developed 
diabetes insipidus and a third had acromegaly. This led the authors to suggest 
that lesions of the hypothalamus might be responsible both for the autonomic 
instability and for the hyperlipemia. Be this as it may, hyperlipemia occurred 
in most instances in the absence of acidosis only when diabetes was complicated. 
As further evidence that clinical diabetes per se does not raise the serum lipids, 

9 patients of the same series had definite hypoliperaia, which appeared to be 
referable to malnutrition. If low fat diets do in some cases lower serum choles- 
terol it may be because they provide insufficient calories. 
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Hypercholesterolemia has been held responsible lor the arteriosclerosis that 
so often accompanies diabetes. Rabinowitcli (721) has expressed the opinion 
that, by preventing hyperlipemia, high carbohydrate low fat diets may diminish 
the frequency of atheroma in diabetics. Even if such diets did prevent hyper- 
cholesterolemia there is no satisfactory evidence that the incidence of athero- 
sclerosis bears any relation to the concentration of cholesterol in the blood 
(592, 804). 

Scrum lipids in diabetic acidosis. In diabetic acidosis the serum lipids in- 
variably rise, sometimes to extreme heights (419, 591, 840). Two factors com- 
bine to produce this effect: the mobilization of lipids from the tissues to meet 
the demands for production of ketone bodies and the hcmpconccntration that 
results from the combined effects of glycosuria and acidosis. In severe dia- 
betic acidosis combustion of carbohydrate, if not entirely abrogated, is reduced 

TABLE 23 
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to minimal proportions. The demand for combustion of fat, especially as 
ketone bodies, becomes maximal because the muscles can not oxidize even the 
carbohydrate formed from protein. Fat is mobilized, therefore, far more 
intensively than it is in simple starvation. In addition the profuse glycosuria 
and the acidosis which result cause extreme dehydration with attendant hemo- 
concentration. Since lipids, like proteins, are restrained by the capillary walls, 
their concentrations rise together as the blood becomes inspissated. Man and 
Peters (591) found that during recovery from diabetic acidosis lipid phosphorus, 
cholesterol and serum proteins at first paralleled one another in their descent. 
In the hyperlipemia of diabetic acidosis all the lipid elements of the serum are 
affected, but in varying degrees. The part played by each fraction of the lipids 
of the serum in a series of cases can be seen in table 23, which shows the abso- 
lute and the relative decrease of the lipids during the acute stage of recovery 
from diabetic acidosis. In most cases the fatty acids rise out of proportion to 
cholesterol and lipid phosphorus. The major increment of fatty acids belongs 
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to neutral fat. The per cent increase of lipid phosphorus equals or slightly 
exceeds that of cholesterol. The ratio of cholesterol to lipid phosphorus, 
therefore, tends, in acidosis, to fall below the mean course of this ratio depicted 
in figure 40. The effect of acidosis on the ratio of free to esterified cholesterol 
has not been established. The fall of lipids during recovery bore a rough rela- 
tion to their concentration during acidosis, the largest change occurring in the 
subjects with highest initial lipids. In addition the initial concentration was 
roughly correlated with the concentration after recovery; the patients with the 
highest cholesterols during acidosis also had the highest cholesterols after they 
had become regulated. Although the individual lipid fractions were affected 
in varying degrees in different subjects, on the whole the subjects with the 
greatest hypercholesterolemia tended also to have the largest increases of other 
fractions. To all these generalizations there are exceptions. In some in- 
stances, even at the height of acidosis, the serum lipids remain within normal 
limits (510, 511, 591). Nevertheless, they diminish during recovery, some- 
times to subnormal concentrations, presumptive evidence that they had risen 
during the development of acidosis. This phenomenon is seen in especially 
malnourished patients. As evidence that malnutrition is the cause of the 
hypolipemia, the lipids in these cases may rise, as the nutritional state improves, 
to concentrations above those encountered at the height of acidosis. For 
example, in one case of Man and Peters (591) the initial serum cholesterol was 
157 mg. per cent when the blood sugar was 1080 mg. per cent and serum bicar- 
bonate 11.3 mEq. per liter. After recovery from acidosis the cholesterol was 
only 85 mg. per cent; but, as the general condition of the patient improved, it 
rose to 220 mg. per cent. In most cases the lipids tended to rise somewhat 
during convalescence, after the precipitate drop that marked the elimination 
of acidosis. The low point in the recovery curve seemed to be subnormal, 
perhaps an indication of casting incurred during acidosis. 

Blood and itrinc kelorte bodies in diabetic acidosis. During these attacks, 
which are usually precipitated by intercurrent infections or other complications 
or by omission of insulin, the ketone bodies also rise to excessive heights in the 
blood and are poured out in the urine in gteat quantities. Under these circum- 
stances as much as 368 mg. per 100 cc. of ketones (as acetone) has been found 
in the blood (7) and over 40 grams in the 24-hour urine (580, 598). Conse- 
quently acidosis attains a degree of severity never approached in simple starva- 
tion. Whereas in starvation the concentration of C0 2 in serum seldom falls 
below 35 to 40 volumes per cent, in severe diabetic acidosis less than 10 volumes 
per cent is not infrequently seen. This acidosis, together with glycosuria 
provoke over-ventilation and diuresis that lead to extreme dehydration and 
shock that may prove fatal. Vomiting, an almost invariable symptom, con- 
tributes to this state. The causes of the unconsciousness that marks advanced 
stages of acidosis and the ultimate fatal outcome have been the subject of much 
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dispute. These disasters have been attributed to direct injurious effects of 
acetone and acetoacetic acid, which have a mild anesthetic action (241). 
BrOgel (140), however, found no direct relation between the severity o! symp- 
toms and the concentration of ketones in the blood. From an analysis of all 
the disorders of diabetic acidosis Kydd (526) was forced to the conclusion that 
dehydration and circulatory failure were the most important and were responsi- 
ble for both the coma and the shock. A similar conclusion was reached by 
Dillon, Riggs and Dyer (240) from a study of the pathological lesions in patients 
who died in diabetic acidosis. 

For the clinical estimation of the severity of ketosis the nitroprusside test for 
acetonuria has been generally employed. This is, however, an extremely crude 
method. Furthermore, analysis of the urine by any procedure is unreliable 
because in the most profound acidosis, when circulatory failure has set in, the 
kidneys may become so compromised that ketone bodies appear in only minimal 
quantities in the urine, although their concentration in the blood may be greatly 
elevated (201, 698). Quantitative measurement of blood ketones is of little 
clinical value because it takes too long Reliance must be placed on the deter- 
mination of serum COj ns a measure of the degree of acidosis. When combined 
with determination of chloride this is especially useful because it also permits 
some estimation of the degree of salt depletion. 

The precipitating causes of diabetic acidosis. It has already been stated that 
ketosis appears usually either when diabetes is aggravated by some complicating 
condition or when insulin is omitted by a patient with a severe form of the 
disease. It is, of course, quite possible for the disorder to make its appearance 
so precipitately that acidosis is the first warning of its existence. Acidosis 
may also mark a sudden progression of the disease under the same mysterious 
impulse through w bich it originated. Essential for its appearance is some fac- 
tor that reduces the ability of the individual to bum carbohydrate. It has 
been asserted that overindulgence in food, especially carbohydrate, can act 
as a precipitating agent. Physiologically there is no valid justification for 
such a view; carbohydrate should prevent or alleviate ketosis in any subject 
who possesses the least residual ability to bum sugar. The dispute seems to 
have been definitely settled by recent experiments of Mirsky (633). By giving 
to patients smaller doses of insulin than they required, but large quantities of 
carbohydrate, he w as able to minimize or abolish ketosis, although glycosuria 
and diuresis were greatly aggravated. 'When only small amounts of carbo- 
hydrate were given ketonuria increased. "When insulin was omitted entirely 
severe ketosis ensued which could not be checked by carbohydrate. In certain 
cases Himsworth (445) was able to diminish ketosis by giving glucose alone. 
The same experiments seem to settle in the affirmative the controversy whether 
sugar should be used in the treatment of diabetic acidosis. It has been argued 
that since the blood sugar is already high there is no reason to give more. The 
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aim, however, must be to provide sugar not only for combustion, but also to 
replenish the glycogen stores of the liver; to transfer the metabolism as rapidly 
as possible from fat to carbohydrate. This must be accomplished while glucose 
is being continuously wasted in the urine. Although chief reliance must be 
placed upon insulin, plentiful provision of sugar must not be neglected. 

Lesser degrees of ketosis are encountered continuously or at intervals in 
diabetics, especially if the disease is severe. In fact, the ketone bodies in the 
blood and urine of patients with diabetes, even under exemplary treatment, 
vary far more than they do in healthy individuals, frequently exceeding normal 
limits for short intervals. This is particularly true of those who have a severe 
enough form of the disease to require insulin. This follows naturally from the 
fact, emphasized in the chapter on Carbohydrate, that since these patients are 
compelled to take restricted amounts of carbohydrate with insulin at intervals, 
the combustion of sugar proceeds in an irregular fashion. The glycogen stores 
are always in a precarious state. At one moment temporary deficiency of insul- 
in may retard the oxidation of sugar; at the next, undue muscular exertion or 
slightly excessive insulin action may exhaust the scanty stores of glycogen in 
the liver. In either case ketosis will ensue. Such reactions have been re- 
ported by-Somogyi (836) and have been observed by Kartin (498) in. the 
author’s clinic. The turnover of metabolism to fat which must accompany 
these bouts of ketosis may account to some extent for the postabsorptive hyper- 
lipemia of diabetics with extreme autonomic instability, to which attention 
was called above. It must be emphasized that sporadic ketosis occurring in 
the course of the day, with or without glycosuria, may denote momentary 
excessive insulin action or temporary insufficiency of carbohydrate owing to 
improper distribution of food and insulin in the daily regime. 

DestriKtion of the pancreas. In humans spontaneous diabetes seldom arises 
from total destruction of the pancreas; the external secretory function of this 
organ is usually preserved. When both external and internal secretory func- 
tions are destroyed, as they may be by tumors, hemorrhage or infection, a 
condition may ensue not unlike that described above in depancreatized dogs 
receiving insulin. The general effects of the steatorrhea which results upon 
the absorption of fats and fat soluble vitamins is described below. Steatorrhea 
becomes a more serious matter in subjects whose ability to utilize carbohydrate 
is impaired; maintenance of nutrition becomes a major problem. In addition 
these patients develop enlargement of the liver and hepatic insufficiency, 
probably from fatty infiltration of the organ (698). Enlargement of the liver 
is also common in diabetic patients with unimpaired secretion of pancreatic 
juice (698). It is especially frequent in children with poorly regulated diabetes 
(396, 595, 953) and is almost invariable in diabetic acidosis (698) . This has 
been generally ascribed to fatty infiltration. If this is true it may be surmised 
that the infiltration is a sign of the mobilization of fat for nutritive purposes, 
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not akin to the pathological dietary fatty liver. With proper regulation of the 
diabetes such livers return to their normal size. Protamine insulin, by per- 
mitting better control of the early morning rise of blood sugar, has reduced the 
incidence of diabetic hepatomegaly in children (69S, 953). Cirrhosis of the 
liver is also reputed to occur with more than usual frequency in diabetics (even 
when cases of hemachromatosis are excluded) and has been attributed to chronic 
fatty infiltration (206). 

Destruction of the pancreas may, indeed, induce diabetes. In some instances 
acute destructive lesions, most frequently acute hemorrhagic pancreatitis, 
may precipitate ketosis of extreme severity, leading rapidly to acidosis and 
coma that may prove fatal (316, 698, 749). In such cases extreme hyperlipemia 
may he observed (589a). 

When the digestive secretions of the pancreas do not enter the gut the ab- 
sorption of fat-soluble vitamins as well as lipids becomes impaired and deficien- 
cies of vitamins A, D and K develop. Even when there is no evidence of serious 
destruction of the pancreas nor of obstruction of the pancreatic duct, caro- 
tenemia and other signs of abnormal accumulation of carotenoid pigments ha3 
been noted in diabetic patients. Ralli (723, 724, 879) and others (432, 720) 
have demonstrated that patients with diabetes have excessive amounts of 
carotene in the blood in the postabsorptive state. When they are given a test 
dose of carotene, either in the pure form or as vegetables, the blood carotene 
rises unusually high and remains elevated for an unduly long time (723, 724). 
Ralli (723) found that the livers of diabetics contained more carotene than did 
the livers of patients with other diseases. JTrom this she concluded that the 
conversion of carotene to vitamin A was impaired. The facts warrant only 
the deduction that the disposal of carotene is retarded. B razor and Curtis 
(130) detected some signs of vitamin A deficiency in 3 out of 20 patients with 
diabetes. There is no physiological evidence that the conversion or destruction 
of carotene is linked with the oxidation of carbohydrates. It remains to be 
determined whether carotenemia is connected directly w ith the diabetic dis- 
order or w ith phenomena peculiar to certain patients with diabetes. Rabino- 
witch (720) claims that it is directly correlated with the severity of the diabetes. 
Ralli (723) found that it was not correlated with cbolesterolemia and therefore 
not connected with the hyperlipemic reaction. 

Lipoidoses of diabetes. In a certain number of cases of diabetes depositions 
of lipids are encountered in certain tissues, usually in the presence of extreme 
hyperlipemia. The best known of these conditions are lipemia retinalis and 
cutaneous xanthomatosis. In the former of these disorders lipids are diffusely 
deposited in the retina. This condition occurs in diabetic patients with lipemia 
of high degree; but, according to McKee and Rabinowitch (617), is not related 
directly to the degree of lipemia. It appears to have some connection with 
diabetes because it is rarely, if ever, observed in patients with other conditions, 
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such as nephrosis, associated with a comparable degree of lipemia (617). It 
appears most commonly during some exacerbation of the diabetes with acidosis 
that has precipitated hyperlipemia, and disappears when the hyperlipemia sub- 
sides in response to treatment (194, 617). Cutaneous xanthomatosis is charac- 
terized by the appearance in the skin of yellowish papules containing lipids. 
Like lipemia retinalis it usually occurs during an acute exacerbation of the 
diabetes, when acidosis has provoked extreme hyperlipemia, but is not directly 
related to the degree of lipemia in diabetes and is seldom seen in other diseases 
with comparable lipemia (196, 360, 612, 759). The abnormal deposition of 
lipids does not depend, therefore, merely upon the high concentration of lipids 
in the blood. In most instances the dermatosis disappears when the hyper- 
lipemia subsides under proper treatment of the diabetes (196, 360, 612); in 
some instances it only partially subsides (196, 360). In a case described by 
Buchanan and Indelicato (147) the dermatosis regressed when the diabetes 
improved, only to relapse again when it went out of control. This is not the 
rule. In one patient of the author cutaneous xanthomatosis, which accom- 
panied one bout of acidosis and cleared under treatment, failed to recur in a 
subsequent attack of acidosis. Curtis, Sheldon and Eckstein (217) have re- 
ported a casein which both lipemia retinalis and xanthomatosis appeared during 
one attack of acidosis, disappearing when the diabetes was controlled, A 
recurrence of the lipemia retinalis was provoked by withdrawal of insulin and 
reduction of carbohydrate; but the xanthomatosis did not reappear. This 
condition must not be confuse*d with the types of xanthomatosis described 
below, which are characterized by true lipid tumors. These have been de- 
scribed in patients with diabetes, but there is no reason to believe the associa- 
tion is more than coincidental (880, 974). 

The condition known as necrobiosis lipoidica diabeticorum has been classed 
with the lipoidoses by some authors without satisfactory reasons. There is no 
clear evidence that it is attended by any local or general disorder of lipid 
metabolism. In most instances the serum lipids are essentially normal (437, 
627, 698, 917); the diabetes may be mild (698). In one case of the authors 
(589a) there was striking and continuous hyperlipemia, but this was explained 
by concomitant disease of the liver. Biopsy of the necrotic lesions in this case 
revealed no excessive deposition of lipids. 

Renal glycosuria 

The rare condition known as renal glycosuria (see chapter on Carbohydrate) 
seldom attains sufficient severity to give rise to any symptoms. The disorder 
from which it originates is analogous to that produced by phlorizin and is, 
therefore, theoretically capable of producing a diabetes of major severity. 
The failure of the kidney tubule cells t<? reabsorb glucose is, however, less 
complete in the spontaneous clinical disorder. Nevertheless, if renal diabetes 
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is severe, the urinary loss of glucose may, under certain conditions, become 
sufficiently great to provoke ketonuria. This happens only when the exog- 
enous supply of carbohydrate is small and is particularly prone to occur when 
the oxidation of carbohydrate is impaired at the same time (6, 52). It can be 
prevented by the administration of liberal quantities of carbohydrate. 

Glycogen-storage ( ion Gierke’s) disease 

In this interesting condition an exaggerated tendency to develop ketosis 
during starvation has been noted by several observers (552, 744, 957). Like 
the other metabolic disturbances of the disease it has been generally attributed 
to the retarded hepatic glycogenolysis which is supposed to be the fundamental 
defect. Because of this the glycogen of the liver does not provide sugar for 
the tissues when the exogenous supply is interrupted. Hyperlipemia has also 
been described in some cases (894). This is presumably only another mani- 
festation of the impairment of carbohydrate metabolism. 

The central venous system and lipid metabolism 

Hypothalamic obesity. It has long been recognized that tumors and other 
destructive lesions of the hypothalamus may give rise to obesity. In fact 
Frohlich’s original case of adiposa geoitalis had a tumor in this region, although 
the syndrome was attributed to hypopituitarism. Adiposity has now been 
experimentally produced in rats by lesions placed in this region of the brain, 
by Brobeck, Tepperman and Long (135, 136, 588). This has permitted more 
adequate analysis of the metabolic disorders connected with the condition. 
These investigations have revealed no definite disturbance in the utilization 
of any of the foodstuffs. The serum lipids are not abnormal (135); the ability 
to bum fat is not altered. The obesity results chiefly from overeating under 
some stimulus released by the hypothalamic injury. Diminished activity 
may be a contributory factor. If the food intake of operated animals is limited 
they become no fatter than unoperated rats that receive identical diets. Heth- 
erington and Ranson (430) have shown that hypothalamic obesity is not 
abolished by removal of the hypophysis, which usually diminishes appetite 
greatly. Clinical evidence that lesions of the hypothalamus or basilar ganglia 
of the brain may cause hyperlipemia has already been mentioned. This is 
highly inferential (355). Because sulfonal narcosis produces hyperlipemia in 
rabbits de Langen (530) believes that the blood lipids are controlled by the 
central nervous system. 

It has been claimed that injuries to other parts of the brain, especially the 
brain stem, have more specific effects upon intermediary metabolism. This 
problem is inextricably entangled with the similar question of the existence of 
centers in these regions that influence carbohydrate metabolism (53). Any 
lesion that produces glycosuria and retards the utilization of carbohydrates 
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will simultaneously provoke the disturbances of lipid metabolism encountered 
in diabetes (see chapter on Carbohydrate). 

Frightening cats, according to Lyons (564), causes serum cholesterol to rise, 
an affect that can be abolished by sympathectomy. 

Psychoses. Much has been written about the serum lipids in psychiatric 
disorders. Gildea, Man and Biach (356) noted that both fatty acids and 
cholesterol of the serum of schizophrenics tended to be low, while in patients 
with manic-depressive psychoses they were more often high. This they felt 
was connected with the differences in body build of these two classes of patients: 
the schizophrenics belonging chiefly in the leptosomic category, while the 
manic depressives were more often pyknic. There was considerable over- 
lapping in the two groups and the serum lipids in the majority of both lay 
within normal limits. Schube (796) found that the blood cholesterol of patients 
with manic depressive psychoses varied over an extremely wide range, from 
50 to 428 mg. per cent (the limits in his series of normals was 110 to 195 mg. 
per cent). The low values, he claimed, were encountered in manic phases 
of the disorder, high values in depressive phases. He attributed the lipid 
disturbances to differences in mental and physical activity. In a series of 
manic depressives studied by Brun (145) the only notable feature was the 
abnormally wide range of variation of the postabsorptive lipids and of the 
alimentary lipemic reactions. Somewhat similar findings were reported by 
Slight and Long (826) in depressed patients. In patients with various types 
of cerebrospinal syphilis Rosen, Krasnow and Nothin (753) discovered no 
consistent significant abnormalities of serum cholesterol or lipid phosphorus. 
These reports are fairly typical of the literature on the subject. All agree 
that the majority of patients with psychoses have normal lipids in the post- 
absorptive state; but that lipids both above and below the normal limits are 
encountered frequently without any adequate demonstrable physical disorder. 
It is in attempts to correlate these abnormalities with particular types of men- 
tal disease that differences of opinion begin. The roots of these differences 
probably lie in the variability of the criteria used to establish diagnoses in the 
absence of objective standards of measurement. In most of the studies, 
furthermore, possible effects of nutritive disturbances have not been evaluated; 
frequently the presence of coincident organic disease may have been neglected. 

In epilepsy it has been claimed that serum cholesterol falls during (702) or 
before (743) the convulsive seizures. These claims have not been generally 
substantiated (588, 620, 754). McQuarrie, Bloor, Husted and Patterson 
(620) compared the plasma lipids of 100 epileptic children with those of 32 
non-epileptic children under essentially the same conditions. There was no 
significant difference in the range of values of cholesterol in the two groups. 
The authors claimed that the ratio of cholesterol to lipid phosphorus was sig- 
nificantly higher in the epileptics. Analysis of their data, however, reveals 
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only greater scattering of the concentrations of both components and of the 
ratio between them. Since the average cholesterol is higher in the epileptics 
than in the normals the ratio of cholesterol to lipid phosphorus is also slightly 
higher, as is to be expected from the usual tendency for this ratio to increase 
with cholesterol, which is illustrated in figure 40. In a subsequent paper (620) 
they attempt to correlate this ratio with the frequency of epileptic seizures. 
In point of fact there is a more exact correlation with the concentration, of 
cholesterol which varies greatly since the epileptic patients were being treated 
with ketogenic diets. Tasting as a method of treating epilepsy, according to 
Lennox and Cobb (543), is reported to have been practiced in New England 
in the latter half of the last century. Tavorable results obtained by Conklin 
(205) and by Geyelin (351) led the latter to investigate further factors b starva- 
tion which might be responsible for its beneficial effects. Through his studies, 
confirmed by others (543, 958), it was established that not only complete 
starvation, but carbohydrate starvation, eliminated or reduced the frequency 
of convulsive seizures in a considerable proportion of epileptic patients, es- 
pecially children. Subsequently it was discovered that the good effects of both 
total starvation and ketogenic diets depend upon the production of acidosis 
(543) with attendant dehydration. The ketogenic treatment has been almost 
entirely abandoned because of the difficulty of maintaining patients for long 
periods on the rigorous diets required for this therapeutic procedure. 

Diseases oj the gastrointestinal trad and pancreas 

Gastrointestinal obslr fiction. Complete or almost complete obstruction at 
any pobt in the alimentary canal bevitably leads to vomitbg and starvation 
with attendant ketosis and initial hyperlipemia. As this advances and nutri- 
tion suffers the lipids fall to normal and then to subnormal values (583). If 
emptying of the stomach is only delayed the postabsorptive lipids may be 
quite normal, but the alimentary hyperlipcmic reaction may be delayed or 
abrogated (414). Vomiting of any kbd may give rise to ketosis, if it becomes 
severe enough to produce carbohydrate starvation and lasts long enough to 
exhaust fiver glycogen. Ketosis appears more rapidly and reaches greater 
btensity b women than it does in men, and especially b pregnant women. 
Infants and young children are far more susceptible than adults (887). It was 
earlier believed by some that cyclic vomiting of children was the result of a 
metabolic disorder which gave rise to primary' ketosis. The evidence, how- 
ever, all indicates that the ketosis is a result of the vomiting which is precipi- 
tated by infections or emotional upsets (268, 766). 

Gastrectomy and gastritis. Rekers, Abels and Rhoads (736) have shown 
that the absorption of fat from the intestbe is impaired after total gastrectomy, 
and, to a lesser degree, b atrophic gastritis. It was, however, unaltered In a 
patient with boperable gastric carcboma. Adequate secretory function of the 
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stomach, therefore, seems to be prerequisite for the proper absorption of fat. 
Reker’s stomachless patient absorbed only 60 to 80 per cent of the fat from an 
ordinary diet and only 10 per cent of an extra dose of fat, whereas normal 
subjects absorbed more than 90 per cent of both. The fecal excretion of fat 
in such cases is diminished by high protein diets. Large quantities of pan- 
creatic juice are even more effective (735). 

Abels and associates have reported that the livers of patients with gastro- 
intestinal carcinoma who have subsisted on ordinary diets are infiltrated with 
fat. This can be prevented by administration of high protein diets (2.5 grams 
of protein per kilo) (la), by lipocaic or by an amount of inositol equal to that 
found in a remedial dose of lipocaic (lb). The hepatic fat infiltration, there 
fore, is probably of the type produced by dietary deficiencies. 

Fat is lost in the discharges from high intestinal fistulae if the passage of food 
is so greatly accelerated that time is not given for its absorption (698). 

Pancreatic steatorrhea. If, because of destruction of the pancreas or ob- 
struction of the pancreatic duct, pancreatic lipase is excluded from the intes- 
tines, an excessive amount of fat is lost in the feces. It has been held that in 
this condition the fats are excreted as triglycerides, with little or no fatty acid 
(320). This has been considered a differential criterion by which pancreatic 
steatorrhea may be distinguished from other types of steatonhea, especially 
that of biliary obstruction, in which the ingested fats are still subjected to the 
action of pancreatic lipase. A certain amount of fat, however, appears to be 
hydrolyzed, and some may even be absorbed, if the pancreas is destroyed or if 
its ducts are completely obstructed (11, 711, 898). At best the degree of 
hydrolysis of fat is merely a relative distinguishing feature. A large proportion, 
50 per cent or more, of free fat in a fatty stool points to pancreatic disease; 
but less than this does not exclude pancreatic disease. Thayssen (898) and 
Pratt (711) state that examination of stools for fat is less reliable than the 
measurement of fecal nitrogen in the diagnosis of pancreatic disease. In the 
absence of pancreatic juice proteins escape digestion and are excreted in the 
stools to swell the fecal nitrogen. This also is not a certain guide to differential 
diagnosis, because some protein may be lost in every iatty diarrhea. Pratt 
(711) found 1.1 grams of nitrogen, a normal quantity, daily in the feces of a 
patient with obstruction of the common bile duct, 2.7 grams in a case of sprue, 
and 8.5 grams in a case of occlusion of the pancreatic ducts. In patients with 
idiopathic steatorrhea, studied by Bassett and his associates (41), the fecal 
nitrogen tended to vary with the quantity of lipid in the stools, in one instance 
reaching the high figure of 4.4 grams per day. The alimentary hyperlipemic 
reaction is diminished or abolished in the steatorrhea of pancreatic insuffici- 
ency (707). 

Non pancreatogenous steatorrhea. What has been said of pancreatic stea- 
torrhea is generally true of all other types of steatorrhea. They differ only 
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in the weighting of the various disorders that have been described, and so gfeat 
are the variations in each disorder that the diagnosis can be made only by the 
evaluation of the digestive and metabolic disorders in the light of all the other 
clinical findings. Splitting of fat is likely to be more complete in nonpancreatic 
than in pancreatic steatorrhea and protein is likely to be better digested and 
absorbed. But in celiac disease (690) and in both tropical and nontropical 
sprue (898) free fat as well as fatty acids may appear in the stools in such large 
quantities as to simulate pancreatic disease. Severe steatorrhea is also en- 
countered frequently in patients with regional ileitis and in some with tubercu- 
lous enteritis (698). Its presence in these conditions is hard to explain because 
there need be no obvious disease of the pancreas or of the upper part of the 
small intestine. It is, however, well to recognize the association. Undoubt- 
edly some patients with these conditions mistakenly receive the diagnosis of 
idiopathic steatorrhea. V6ghe\yi (920) has reported a case of giardiasis with 
steatorrhea which disappeared when the giardiasis was cleared up. Excessive 
excretion of fat in the stools is not necessarily accompanied by overt diarrhea, 
although the stools arc usually voluminous. The disorder may be overlooked 
if examination is confined to the usual clinical pathological procedure of stain- 
ing a fragment with Sudan III. Vice versa, diarrhea does not always involve 
loss of fat in the feces Loose, w atery stools, like those seen in cholera, dysen- 
tery and other acute infections of the ileum and colon, in some cases of tu- 
berculous enteritis, in ulcerative colitis and in nervous diarrhea, may carry out 
no more fat and little more nitrogen per day than are normally excreted by the 
bowels (698). It is important to ascertain the volume or mass of fecal matter 
excreted in the course of 24 hours and to study its character by gross inspection. 
Sometimes greasiness can be detected by spreading a sample on filter paper. 
If the stools are voluminous, however, and not obviously watery, quantitative 
chemical analysis is indicated. 

The postabsorptive concentrations of cholesterol and lipid phosphorus of 
the serum in patients with steatorrhea are usually reduced. Snell (832) found 
158 mg. per cent or less of cholesterol in the serum of 12 patients with the 
condition. The relative proportions of the lipid fractions have not been deter- 
mined in a sufficient number of cases to warrant any statement about them. 
This hypcJJpenm may be only an expression of malnutrition. In all types of 
steatorrhea the alimentary hyperlipemic reaction is reduced or abolished 
(4,32,41,832,928). 

Any condition that seriously interferes with the absorption of fat induces 
profound nutritive disorders and deficiencies, not only because the afflicted 
animal is deprived of the fuel value of the fat, but also because the absorption 
of other materials is impaired . The imperfect absorption of protein has already - 
been mentioned. Loss of protein in the feces despite the fact that pancreatic 
juice enters the intestines presumably arises from the fact that the protein is 
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protected from the action of enzymes by admixture With insoluble lipid ma- 
terial. Calcium also is wasted in the feces, leading to serum calcium deficiency 
and osteoporosis. This calcium loss has been attributed to the formation in 
the intestine of insoluble calcium soaps. It has been pointed out, however, 
that if tire digestive functions are intact fatty acids and calcium interfere but 
little with one another’s absorption (126, 325). The chief reason for failure 
to absorb calcium in the presence of fatty diarrhea appears to be deficiency of 
vitamin D, which can not be absorbed without fat (41). 

In true pancreatogenous diarrhea animal experiments would lead one to 
expect a condition analogous to the dietary fatty liver that has been described 
in animals. Pratt (711) states that in his experience hepatic fat infiltration 
is not seen in human pancreatic deficiency. The authors (698), however 
have seen a patient who, after subtotal resection of the pancreas for carcinoma 
of the head of the pancreas, developed enlargement of the liver and symptoms 
and signs highly suggestive of such a condition. Even in nonpancreatogenous 
or idiopathic steatorrhea cutaneous lesions of a pellagrous character (832) and 
other manifestations which can not be attributed to faulty fat absorption have 
been described. More complete analyses of serum for lipid patterns and 
chemical examination of livers in such cases are required. 

About the treatment of steatorrhea opinions differ. In true pancreatic 
deficiency absorption of fat may be improved by the administration of prepara- 
tions containing pancreatic enzymes (711). "Lipocaic” has been recom- 
mended by Dragstedt and his associates, but proved ineffective in the author’s 
case cited above. In tropical sprue injections of liver extract are reported not 
only to improve the general condition of patients, but also to increase the 
absorption of fat (32). Similar benefit has been claimed from their use in 
nontropical steatorrheas (832). In the experience of Bassett et al (41), how- 
ever, they had no effect upon fat absorption. The authors also have had no 
success with them (698). Limitation of dietary fat with administration of 
large amounts of protein and carbohydrate, especially the former, and the 
addition of large quantities of fat-soluble vitamins is the most universally 
successful therapeutic regime (41, 698). It not only improves the general 
condition and prevents wastage of fat, but also seems to improve absorption 
of lipids (4, 41). Supplementary calcium is also of value. Whether this acts 
merely to overcome the calcium deficit, thereby combatting tetany and osteo- 
porosis, or whether it may also have a beneficial effect upon intestinal function 
is somewhat uncertain. In certain instances it has seemed definitely to allay 
the diarrhea. The value of the protein may also lie in a lipotropic as well as 
a nutritive action. Other lipotropic agents have not yet been adequately 
tested. 

Adlersberg and Sobolka (4) have reported lesser impairment of absorption 
of fat and vitamin A in gastrointestinal disorders without obvious steatorrhea. 
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Some degree of deficiency of vitamin A lias also been noted in a certain propor- 
tion of patients with malignant neoplasms of the gastrointestinal tract (1) and 
in tuberculous patients with gastrointestinal disorders (131). The latter is 
said to have occurred even when there were no evidences of tuberculous en- 
teritis. In nei tlicr of these reports are there data concerning the quantities of 
fat in the stools. Adlersberg and Sobotka (4) found that administration of 
lecithin improved the absorption of fat in some patients with gastrointestinal 
disorders; but apparently did not study its effect upon patients with gross 
steatorrhea. 


Diseases of the liver and bile passages 

Cholelithiasis. The recognition that bile contained large quantities of 
cholesterol and that this substance was an important constituent of gall-stones 
early led to the belief that cholelithiasis might result from the presence of ex- 
cessive concentrations of cholesterol in the biliary system owing to accelerated 
excretion of this substance Further investigations have cast doubt upon this 
hypothesis. Cholelithiasis is not attended by hypercholesterolemia (283, 281, 
342). In addition it has been shown repeatedly that the quantity of cholesterol 
excreted in the bile is not related to the concentration of cholesterol in the blood 
(38, 619) nor to the amounts of cholesterol in the diet (244). Furthermore, 
the composition of bile in the gall-bladder, where stones are usually formed, is 
determined not only by the quantities of its components excreted by the liver, 
but also by the extent to which these components are concentrated in the gall- 
bladder. There is, therefore, no reasonable basis for the restriction of choles- 
terol in the diet of patients with gall-bladder disease, as some have advised 
(915). Since cholesterol is a constituent of gall-stones its presence in bile can 
not be unrelated to the formation of these concretions, but its precipitation 
with calcium and other materials seems to depend on local conditions in the 
gall-bladder rather than the metabolism of cholesterol. Certain other charac- 
teristics or components of bile may also play a rflle. Dolkart, Jones and 
Brown (243) discovered that the bile from the gall-bladders of dogs and sheep 
had a far higher solvent power for human gall-stones than did the gall-bladder 
bile from oxen and hogs. This provides an explanation for the high incidence 
of cholelithiasis in oxen and hogs and the freedom of dogs and sheep from this 
disorder. In guinea pigs Okey (674) induced gall-stones by feeding cholesterol 
together with large doses of riboflavin. These stones were rich in calcium 
phosphate. 

The general nature of lipid disturbances in diseases of the liver. Because of its 
crucial position in the metabolism of lipids, disorders and diseases of this organ 
are atteuded by striking disturbances of the pattern of lipids in the serum. 
Although the concentrations of the lipids differ greatly in the various patho- 
logical processes, the interrelationships of the lipid fractions in almost all 
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hepatic disorders are distorted in a common characteristic fashion. The most 
consistent feature of this distortion is the elevation of the ratio of free to total 
cholesterol. This is usually at tended by an eleva tion of the ratio of lipid phos- 
phorus to cholesterol. 

Obstruction of the common bile duct by calculi or tumors causes serum choles- 
terol to rise rapidly, sometimes to 500 mg. per cent or more (283, 284, 342, 406, 
413,589a). In 4 cases of Epstein and Greenspan (284) total cholesterol exceed- 
ed 1000 mg. per cent. Usually more moderate values are seen. Although there 
is no direct relation between the duration of the obstruction and the degree of 
hypercholesterolemia, the greatest concentrations are seen after obstruction 
has persisted for a long time. If the obstruction is not relieved, however, the 
cholesterol falls, sometimes to a subnormal level, in the premortal period (284). 
In the production of the hypercholesterolemia free cholesterol plays the major 
r6!e. Indeed, at the onset of obstruction cholesterol esters may fall. Only 
when total cholesterol rises to extreme heights does ester cholesterol exceed 
the upper limits of normal variation (589a). Epstein and Greenspan (284) 
have claimed that the ratio of free to total cholesterol is less distorted in ob- 
structive jaundice than it is in primary parenchymatous diseases of the liver. 
No such general distinction is apparent in the data of Man, Kartin, Durlacher 
and Peters (589a). The disagreement may arise from differences in the ana- 
lytical methods employed, differences in the clinical material studied, and 
differences in the stage of obstruction. When obstruction is relieved total 
cholesterol descends to normal; but before it decreases esters begin to rise. 
Restoration of the normal cholesterol ratio, therefore, precedes restoration of 
the normal concentration. When total cholesterol falls as a terminal event 
the ratio remains elevated. 

Lipid phosphorus also rises in biliary obstruction. In fact, it rises propor- 
tionally more than cholesterol does. Consequently the ratio of lipid phos- 
phorus to cholesterol becomes abnormally high (589a). Neutral fat is not 
greatly altered, but is usually distinctly above the normal average at the height 
of obstruction. In the cases of Man, Kartin, Durlacher, and Peters (589a) it 
ranged from 7 to 29 mEq. per liter. Since there is such a great excess of phos- 
pholipid and a moderate excess of neutral fat, the concentration of fatty acids 
is elevated even when cholesterol esters are low. If obstruction is relieved 
lipid phosphorus and neutral fat fall. The phospholipid descends more rapidly 
than cholesterol; consequently, the ratio of lipid phosphorus to cholesterol is 
restored to normal more rapidly than is the concentration of either lipid phos- 
phorus or cholesterol. 

The course of the serum lipids in representative cases is illustrated in figure 46. 

According to Wachstein (931) the iodine number of the blood fatty acids is 
high in parenchymatous or obstructive jaundice, indicating the presence of 
unusually large quantities of unsaturated fatty adds. 




Fig 40. The course of the serum lipids in patients with biliary obstruction. From Man, 
Kartin, Durlacber and Peters (589a). 

Acute hcpaltlts. It was earlier held that serum cholesterol rose in infectious 
or toxic conditions that caused parenchymatous lesions of the liver with icterus 
(2, 76, 164, 377, 678, 867), although exceptions to this rule were recognized 
(2, 229, 867). More recently it has been discovered that the concentration 
of cholesterol in the serum of patients with these diseases and disorders is ex- 
tremely variable, sometimes high and sometimes normal or low. It is uncertain 
whether these differences depend upon the nature, severity or duration of the 
disorder, or how far they are influenced by the state of nutrition of the subject. 
In the acute stages of the condition long known as catarrhal jaundice, now 
generally believed to be infectious in origin, serum cholesterol usually rises 
(149, 589a, 593). The ratio of free to total cholesterol is also elevated, as is the 
concentration of lipid phosphorus. The hyperlipemia, therefore, resembles 
that of acute biliary obstruction, although it seldom attains the magnitude of 
the latter. The ratio of lipid phosphorus to cholesterol tends to rise a little 
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more and the concentration of neutral fat distinctly more (5S9a) in these cases 
of hepatitis than they do in obstructive jaundice. This type of hepatitis is 
characterized by early and intense jaundice; careful observation at the onset 
usually reveals complete acholia of variable duration. There must, therefore, 
be some obstruction of the biliary tract, probably from inflammatory causes, 
that may account for the lipemia. With resolution of the disease the concen- 
trations and proportions of lipids in the serum become normal again; occasion- 
ally the concentrations sink below normal for a time (589a). 



Fig. 47. The course of the serum lipids in patients with infectious hepatitis. From Man, 
Kartin, Durlacher and Peters (598a) 


The course of the serum lipids in cases of infectious hepatitis is illustrated 
in figure 47. 

In a large proportion of patients with hepatitis cholesterol, instead of being 
elevated, is distinctly reduced (125, 406, 413, 589a). What determines the 
sharp distinction between these cases and those which have just been discussed 
is still uncertain. By some it has been attributed to the severity of the disease 
because hypocholesterolemia is the rule in acute yellow atrophy (284). Others 
have claimed that the concentration of cholesterol is correlated with the degree 
of icterus. In the series of cases studied by Man, Kartin, Durlacher and Peters 
(5S9a) there were certain differences between the two types of cases. Although 
the patients with low cholesterol were often jaundiced, completely acholic 
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stools were seen or reported in none. The hypocholeslerolemic cases included 
those with toxic hepatitis provoked by known chemical poisons. This cor- 
relation may have little significance because the mortality in this group was 
extremely high and hypolipemia was observed in all the fatal cases of the series. 
On the other hand, one presumably infectious case which ran a mild course 
with only moderate icterus had low cholesterol. 

Whether total cholesterol is high or low, the ratio of free to total cholesterol 
is elevated. In the cases with extreme hypocholesterolemia, esters may be 
almost extinguished (589a). Lipid phosphorus falls with cholesterol; but the 
ratio of lipid phosphorus to cholesterol remains above normal or within the 
normal range until total cholesterol drops below 100 mg. per cent, when the 
ratio also falls. The significance of ratios at these low cholesterol concentra- 
tions is, however, indeterminable. Neutral fat in this condition is quite vari- 
able. 

It has been asserted that the serum lipids are not altered in parenchymatous 
diseases of the liver in the absence of icterus (342), but this assertion is not 
consonant with all the evidence. Burger (149) claims that total cholesterol 
rises, but the cholesterol ratio remains normal in nonicteric parenchymatous 
disease of the liver. This is also inconsistent with the facts. Epstein and 
Greenspan (284) in certain cases noted persistence of high free: total cholesterol 
ratios after jaundice had disappeared. In one instance at the onset of arsphena- 
mine hepatitis the scram contained only traces of cholesterol esters, although 
jaundice was never appreciable and the icterus index did not exceed 10. A 
cholesterol ratio of 0.60 was observed by Man, ct al (589a) in a patient with 
presumably infectious hepatitis before jaundice appeared, while the icteric 
index was 9. 

Acute yellow atrophy of the liter must probably be regarded only as a pecu- 
liarly malignant form of infectious or toxic hepatitis. Nevertheless, because 
the term is still retained, convention demands that the condition be mentioned. 
According to Maneke (593) total cholesterol rises, while the esters fall. This 
is not confirmed by Epstein and Greenspan (284), who found total cholesterol 
above 200 mg. per cent only once in 48 observations on 13 cases. On 15 occa- 
sions in 5 cases it was less than 100 mg. per cent. 

The effects of liter poisons. Carbon tetrachloride, chloroform, phosphorus 
and other poisons that destroy the liver produce a serum lipid pattern similar 
to that of parenchymatous diseases of the liver. Initially serum cholesterol 
and phospholipids may rise (365). If, however, the intoxication is extremely 
severe, fatty acids, cholesterol and lipid phosphorus fall, the reduction affecting 
chiefly cholesterol esters and phospholipids (413, 535, 543, 5S9a, 637, 967). 
The serum lipid pattern is similar to that described for acute yellow atrophy 
and for acute hepatitis with hypolipemia. 

Cirrhosis of the liver. Reports of the serum lipids in patients with cirrhosis 
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of the liver are conflicting to the point of confusion (149, 413, 593). Epstein 
and Greenspan (284) could discover no uniform picture characteristic of the 
disease. 

In the terminal stages of portal cirrhosis, when hepatic substance has been 
reduced to a minimum, cholesterol is usually at or below the lower normal 
limits (284, 583, 589a). Lipid phosphorus is proportionally reduced, but its 
ratio to total cholesterol is seldom disturbed (589a). The ratio of free to total 
cholesterol, on the other hand, is usually moderately elevated (453a, 589a) 
Neutral fat is low (589a). The picture is similar to that seen in acute yellow- 
atrophy or in severe hepatitis with hypolipemia except that the normal inter- 
relationships of the lipid fractions are better preserved. If the cholesterol 
ratio or the ratio of lipid phosphorus to cholesterol is greatly distorted, if there 
is a hyperlipemia, or an excess of neutral fat, it may be surmised that either the 
patient has not portal cirrhosis or the cinhosis is complicated by some other 
condition (589a). Earlier in the disease the serum lipids may be quite norma! 
or there may be a slight elevation of the ratio of free to total cholesterol without 
any disturbance of the concentrations of the chief lipid components. 

Summary of the serum lipids in hepatic disease. In spite of the inconsistencies 
that are so evident in reports of serum lipids in disorders of the liver and bile 
ducts, certain generalizations can be made. The most characteristic feature 
in all conditions that involve biliary obstruction or destruction of the paren- 
chyma of the liver is an increase of the ratio of free to total cholesterol, regard- 
less of the concentration of total cholesterol. Since serum ordinarily contains 
only small quantities of free cholesterol, it follows that this fraction is almost 
always increased, even in those patients with hypocholesterolemia. This does 
not, however, account for the whole distortion of the ratio. In patients with 
hypercholesterolemia cholesterol esters also rise, but to a lesser degree than the 
free cholesterol. Lipid phosphorus follows the Course of cholesterol; but the 
ratio of lipid phosphorus to cholesterol is usually higher than normal. 

All concentrations of total cholesterol and lipid phosphorus may be en- 
countered. Hyperlipemia is consistently observed in patients with complete 
biliary obstruction, whether this is caused by calculi, tumors or inflammation. 
Its intensity is roughly related to the duration of the obstruction. Hyper- 
lipemia also accompanies conditions in which there is partial or intermittent 
biliary obstruction or disease of the biliary tract with considerable icterus. 
In contrast, the concentrations of total cholesterol and lipid phosphorus are 
usually normal or low in conditions characterized by severe parenchymatous 
destruction of the liver without evidence of obstruction or inflammation of the 
biliary tract. 

The cases can be roughly classified according to their distribution on figures 
40 and 41. The lipids of patients with obstructive jaundice lie to the right 
on figure 40 and above the normal zone. The hypolipemic cases lie in or above 
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the normal zone to the left, the hepatitis cases diverging somewhat more from 
normal than those with portal cirrhosis. On figure 41 patients with obstructive 
jaundice or biliary cirrhosis lie in the upper right rectangle 3, reluming to the 
normal area 5 with recovery or relief of the obstruction, often by way of rec- 
tangle 6. Patients with acute hepatitis of the hyperb'pemic type follow the 
same course. Patients with acute hepatitis of the hypolipemic type usually 
fall in areas 5 or 6. Portal cirrhosis usually lies in 6. If cholesterol is greatly 
deficient, less than 100 mg. per cent, both hypolipemic hepatitis and portal 
cirrhosis may fall into area 9. 

Causes of the lipid disturbances. It can not be inferred that hyjwrlipeniia is 
correlated directly with icterus. This would imply that the formation and 
excretion of bile pigments is linked with the metabolism of lipids in the liver. 
The association between icterus and hyperlipemia probably only indicates 
that the latter appears in conditions in which there is some interference with the 
free discharge of bile acids or other lipid constituents of bile. Ilypolipemia 
may occur when destruction of liver substance is so advanced that the metabo- 
lism of lipids by the liver is hopelessly compromised. Malnutrition, which in 
itself gives rise to hypolipemia, may be a contributory factor. It can not be 
the chief determinant of the concentration of cholesterol and lipid phosphorus, 
because these remain elevated in certain cases of obstructive jaundice or biliary 
cirrhosis when wasting has become extreme. On the other hand, hypolipemia 
is seen almost from the onset in some patients with severe toxic or presumably 
infectious hepatitis. Man ct al (589a) could detect no general correlation 
between the concentration of cholesterol and the concentration of albumin 
in the serum, the latter having been selected as a crude criterion of the state of 
nutrition. In patients with unequivocal portal cirrhosis cholesterol was normal 
or low regardless of the concentration of albumin. In obstructive icterus it 
remained elevated even when tire serum albumin deficiency became profound. 

The effect of impaired absorption or utilization of lipids or essential dietary 
factors can not be neglected in an evaluation of the distorted scrum lipid pat- 
terns. The distortions in some respects resemble those reported in animals 
with dietary fatty livers. In tire latter hypolipemia is the rule; but hyper- 
lipemia is met in those especial forms of dietary fatty liver in which nutrition 
is maintained or improved — for example, those induced by feeding cystine or 
liver extracts. Although there is no consistent correlation betw een the concen- 
tration of cholesterol and the state of nutrition, hypocholcsterolemia does 
appear to be more frequent and severe when anorexia, nausea and vomiting 
are striking and persistent (589a). 

The alimentary lipemic reaction, according to Sullivan and Penh land (881) 
is exaggerated in patients with parenchymatous liver disease. Nachlas et a! 
(655) have reported excessive hyperlipemia after intravenous injections of fat 
emulsions in similar subjects. 
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The cephalin flocculation test. Hanger (390), in 1938, discovered that the 
serum from patients with degenerative or destructive diseases of the liver 
caused flocculation in saline emulsions of cephalin and cholesterol. The test 
does not seem to depend upon any abnormality of the pattern of lipids. in the 
serum, but rather upon some alteration of the serum proteins. According to 
Kabat, Hanger et al (493) the intensity of flocculation is directly correlated 
with the concentrations of 7 -globulin in the serum. It does not, however, 
parallel the Takata-Ara reaction (391). It has been shown by Hanger and his 
associates to be a good index of the extent and severity of injury to the liver 
parenchyma in hepatitis and other diffuse liver diseases (391), and in cirrhosis 
(392). The reaction is negative in simple obstructive jaundice (381). 

Much work remains to be done before the full significance of the disturbances 
of the serum lipids in diseases of the liver is known. Too much attention 
has been given to cholesterol to the neglect of the other lipids. It may be 
hoped that inclusion of phospholipids may increase the accuracy of diagnosis, 
because the association between lipid phosphorus and cholesterol and its frac- 
tions is not universal. As yet it is impossible to interpret dissociations when 
they are encountered, but they must have some special significance. In this, 
as in eveiy other aspect of lipid metabolism, single measurements of any lipid 
are of limited value because of the wide range of normal variation. Complete 
fractionation enhances their value because it permits an examination of the 
interrelationships of the different components. For both diagnosis and prog- 
nosis, however, the greatest information can be secured from repeated measure- 
ments because these reveal the direction in which the various lipid fractions 
are moving in the course of the disease. 

The disorders which accompany parenchymatous diseases of the liver are 
similar to those which attend the dietary fatty liver. Cirrhosis appears to be 
the ultimate result of both. Barrett, Best et al (39) have shown that the fatty 
infiltration and necrosis of the liver caused by carbon tetrachloride can be pre- 
vented or ameliorated by large doses of choline. All these observations have 
aroused the hope that early administration of proper lipotropic agents may 
prevent or check the development of cirrhosis. Patek and Post (693) have 
published encouraging results from the dietary' treatment of cirrhosis by means 
of highly nutritious diets containing large quantities of vitamin B. Still better 
effects are to be expected if advantage is taken of all the lessons to be found in 
studies of the dietary fatty liver. Man and associates (589a) could detect no 
definite beneficial effects from the administration of choline to a small number 
of cases with various diseases of the liver. The addition of 5 grams of methio- 
nine daily to the diets of patients with infectious hepatitis did not seem to 
modify the course of the disease (436a, 960a). The administration of both 
choline and inositol, according to Goldstein and Rosahn (359a), had a favor- 
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able action upon the course of cirrhosis of the liver, though choline alone is 
without effect. 

Ketosis in diseases oj the liver. Since ketone bodies arc produced in appre- 
ciable quantities only in the liver, patients with liver disease might be expected 
to develop less ketosis than normal persons. Actually clinical reports are 
conflicting. Clcrc (200) does report that such patients arc less susceptible 
than healthy subjects to starvation ketosis; but both BlSch (87) and Cannavd 
(166) claim that they are more susceptible. 

In a study of a group of cases with hepatic diseases of various kinds made 
by Kartin (498) the postabsorptive ketonemia was extremely variable. In 
some instances it appeared to be excessively high in others low. This might 
well be, since the capacity to store glycogen is reduced as well as the ability 
to form ketone bodies. It was extremely hard to evaluate the ketonemia in 
relation to the restricted dietary intake in most cases, because accurate stand- 
ards are not available. The concentration of ketones could not be correlated 
with that of any lipid constituent of serum. In at least one instance there 
seemed to be clear evidence of impairment of ketogenesis. The patient, a 
male with fatal toxic hepatitis, had only 1.2 mg. per cent of ketone bodies (as 
acetone) in his blood, although he had received no food nor water for 7 days. 
In one or two other cases figures almost as low were found in terminal stages 
in patients who had received parentcrally glucose in quantities which did not 
prevent moderate ketosis in normal subjects. 

Diseases of the kidneys 

In the nephrotic syndrome, in which edema of non-cardiac origin is the pre- 
dominant symptom, the lipids of serum (76, 95, 97, 115, 285, 444) are elevated, 
frequently to such an extent that the serum has a milky appearance (lac- 
tescence). This is characteristic of no particular disease entity, but rather 
of the nephrotic syndrome itself, whether this arises cryptogenically or in the 
course of an obvious glomerulonephritis (163, 444, 549, 685, 701) or as a mani- 
festation of amyloid disease (504, 701). Although the lipemia is closely asso- 
ciated with the presence of edema, the two are not consistently correlated. 
In the course of the disease edema and lipemia may even vary inversely over 
short periods of time (701). At times the serum lipids may continue elevated 
for a considerable period after edema has disappeared (163), especially in 
response to therapeutic measures. It is equally impossible to correlate the 
concentrations of serum lipids with serum albumin deficits (549, 683, 6S5, 701) 
or with the intensity of albuminuria (165). Nevertheless, the highest serum 
lipids are encountered in patients with the most massive edema and albumi- 
nuria and the lowest serum albumin. 

When elimination of edema marks regression of or recovery from the disease 
the serum lipids return to normal. They also drop, sometimes to subnormal 
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values, when nephritis advances to terminal stages and renal function becomes 
greatly reduced (20, 282, 602, 685, 701), even if edema persists or recurs (685, 
701). The statement is frequently made that hyperlipemia vanishes when 
uremia appears. There is, however, no inverse relation between the serum 
lipids and blood nonprotein nitrogen or any other index of renal excretory 
function. In some rapidly progressive cases, in which nephrotic characteristics 
persist almost to death, hyperlipemia may be sustained equally long, despite 
advanced azotemia and hypertension (195, 602, 773). 

In early stages of acute nephritis the serum lipids may be unaffected, but 
usually rise as the condition persists, when edema becomes the most prominent 
symptom (602, 701). In those forms of glomerular nephritis which run their 
course with little or no edema, but with vascular phenomena dominating the 
picture, hyperlipemia is not conspicuous, usually absent (685, 701). 

Serum cholesterol may reach unprecedented heights in extreme examples 
of the nephrotic syndrome; concentrations of more than 1.0 gram per 100 cc. 
have been reported. Lichtenstein and Epstein (549) claim that esters rise out 
of proportion to the free fraction. The majority of observers, however, have 
noted no disturbance of the ratio of free to total cholesterol in most cases (337, 
685, 701). Peters and Man (701) found a high ratio in only one out of eight 
cases and in this one the nephritis was complicated by the presence of exfolia- 
tive dermatitis. As cholesterol rises lipid phosphorus also increases, but at a 
somewhat slower rate, just as it does in myxedema, the ratio of cholesterol to 
lipid phosphorus usually following the course defined in figure 40. 

The partition of serum lipids in nephritic lipemia. In the lipemia of nephritis, 
in contrast to that of myxedema, neutral fat participates, being often strikingly 
elevated. It does not, however, like lipid phosphorus, parallel cholesterol 
closely, but fluctuates more widely. These divergences may be referable to 
variations of diet, Hiller, Linder, Lundsgaard and Van Slyke (444) noted that 
the fatty acids in the serum of patients with nephritic lipemia rose excessively 
after a fatty meal, although cholesterol did not. Odinow and Guschtschina 
(671), on the other hand, report normal alimentaiy reactions in similar cases. 
In one case of Peters and Man (701) neutral fat rose sharply while cholesterol 
fell during a period of vomiting and severe anorexia. The authors suggested 
that this might be a reaction to starvation. Although the fatty acids in lipemjc 
sera of nephritic patients may be unusually susceptible to the effects of a single 
Large fatty meal (444), the postabsorptive serum lipids are not appreciably 
influenced by mere alteration of the amounts of fat in the diet (149, 280, 683). 
In this respect they react like the lipids of normal persons. They do not, 
however, appear to be altogether unresponsive to dietary factors as a whole. 
Peters and Man (701) noted that decreases of cholesterol and lipid phosphorus 
in the course of nephritic lipemia frequently coincided with periods of especially 
severe anorexia or vomiting, sometimes provoked by exacerbations or com- 
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plications of the nephritis. Sudden accessions of cholesterol coincided with 
periods in which appetite was good. Nevertheless, the most intense lipemia 
might occur in wasted patients with maximal edema and extreme hypopro- 
teinemia. Nutritive factors seemed to cause fluctuations of the lipids about 
a mean that was determined by some more fundamental features of the nephritic 
disorder. 

The causes of nephritic lipemia. What these features may be is quite un- 
known. The ability to utilize fats docs not appear to be grossly impaired 
(444). The defect seems to lie rather in the processes concerned with the 
mobilization of lipids. Lack of correlation between the lipemia and other dis- 
orders of nephritis has already been mentioned. The association of low basal 
metabolism with lipemia led Epstein (280, 282) to believe that nephrosis was 
associated with hypothyroidism and to propose the administration of thyroid 
as a therapeutic agent. Clinical reports of the efficacy of this treatment vary; 
but there is little objective evidence that it influences the functional dis- 
turbances of the disease. Page and Farr (683) were unable to alter the hyper- 
cholestcrolemia of nephritis consistently by means of thyroid. It has already 
been pointed out that the behavior of neutral fat distinguishes nephritic lipemia 
from that of myxedema. In the chapter on Energy Metabolism further evi- 
dence is adduced that the phenomena of the nephrotic syndrome can not be 
attributed to thyroid deficiency. 

Complete ablation of renal function. In cats subjected to double nephrectomy 
or double ureteral ligation Nckludow (657) observed a steady rise of blood 
cholesterol until death. Heymann (436) more recently has shown that dogs 
react in a similar manner after bilateral nephrectomy or poisoning by bichloride 
of mercury Winkler, Durlacher, Hoff and Man (965) have demonstrated 
hyperlipemia in both dogs and monkeys after double nephrectomy or ligation 
of both ureters. These last have shown that not only cholesterol, but also 
lipid phosphorus and neutral fat are involved These results were not refer- 
able to starvation nor to the operative procedure. The lipids of the liver 
increased as well, indicating that the excess of fatty materials in the serum 
was derived from the fat depots of the body. As the authors state, it is diffi- 
cult to relate this increase of serum lipids with that observed in the nephrotic 
syndrome. The latter appears in the early stages of nephritis and tends to 
disappear when renal insufficiency develops The lipids of serum in terminal 
nephritis with nitrogen retention tend to be depressed rather than elevated. 
In surgical conditions of the kidneys lipemia may occur, but is not the rule. 
Bing and Heckscher (76) found no lipemia in patients with nephrolithiasis, 
pyelitis, and cystitis, but did detect moderate increases of blood fat in three 
cases of pyelonephritis. 

In rats with nephrotoxic nephritis Farr, Smadel and Holden (297) found 
distinct lipemia during the early days of the disease when edema was prominent. 
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This subsided as the nephritis progressed. This is the nearest approach, thus 
far, to the experimental production of a condition resembling nephrotic lipemia. 

Lipids in urine. In the same types of nephritis in which hypercholester- 
olemia occurs, cholesterol is excreted in the urine in abnormally high concen- 
tration (338, 362, 379, 382, 523) and is also found in microscopically visible 
form in the cells of the renal tubules. Govaerts (362) and others believe the 
two phenomena are connected: that the glomerular filter, in these conditions, 
becomes unusually permeable, permitting both protein and cholesterol to 
escape into the urine. The tubular infiltration they interpret not as part of a 
degenerative process, but merely as evidence of reabsorption of cholesterol from 
the urine. Brice (133) found that the quantities of lipids in the urine paralleled 
the frequency of casts, suggesting that they were derived from epithelial ele- 
ments. Gadl (335), however, has shown that they vary with the amount of 
protein in the urine and the concentration of cholesterol in the serum, which 
would indicate that they filter from the blood into the glomerular urine. Not 
only cholesterol, but also phospholipids have been recovered from such urines 
(681). The lipid infiltration of the tubules has been regarded as a degenerative 
disease of the kidneys. Some have gone so far as to suggest that these lesions 
and the lipemia accompanying them distinguish a particular disease entity 
to which die term “lipoid nephrosis” has been applied. Such a view is in- 
defensible, since these phenomena are encountered in the nephrotic stage of 
glomerulonephritis. Burger (149) is of the opinion that the lipid infiltration 
is a primary feature of the disease, of which lipemia is a consequence. This 
hypothesis is purely speculative. It is known that the kidneys have an ex- 
tremely active lipid metabolism, the significance of which is quite obscure. 
What part interference with this function may play in the production of the 
lipemias which accompany either nephrosis or nephrectomy, will remain a 
mystery until the significance of renal lipid metabolism is elucidated. 

The general character of the serum lipid changes suggests a disturbance of 
the processes concerned with the mobilization, rather than the utilization, of 
fat. Major (582) has reported that the administration of choline in 5 cases of 
nephrosis caused a short rise of serum cholesterol followed by a sustained fall. 
This might seem to connect the condition with the dietary fatty liver syndrome, 
a somewhat attractive idea since nephrosis is attended by protein wastage and 
since the dietary fatty liver is regularly accompanied by degenerative renal 
lesions. Hepatic fat infiltration, however, is not a consistent feature of the 
nephrotic syndrome. Moreover, in those forms of dietary fatty liver induced 
by deficiency of protein, hj-polipemia, not hyperlipemia, is the rule. 

Chyluria — that is the excretion of gross quantities of lipids in the urine — 
is encountered when, as a result of trauma or infection, a communication is 
established between the thoracic duct or its tributaries and the urinary tract. 
Frequently chyluria is aggravated by assumption of the erect position, dim'rn- 
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ished when the subject is recumbent, presumably because of the effect of gravity 
upon the flow of lymph. It may also be exaggerated after meals and decreased 
by a low-fat diet (148, 563). It is a well recognized complication of infestation 
with filaria Bancroft! in which obstruction of the thoracic duct may serve as a 
contributory etiological factor (729). 

Arteriosclerosis and hypertension 

Certain features of arteriosclerosis have given rise to the opinion that its 
incidence must be connected with a disturbance of cholesterol metabolism; 
but attempts to demonstrate such a connection have been signally unsuccessful. 
There are, to be sure, reports that hypercholesterolemia is common among 
patients with hypertension (2%, 518, 622, 932). Fating and Wacker (296, 
932) claim that other scrum lipids are proportionally elevated. Others report 
normal cholesterol values in patients with hypertension, unless there is asso- 
ciated nephritis or other independent cause for hypercholesterolemia (9, 95, 
229, 399, 686, 701). Undoubtedly the differences depend somewhat upon the 
diagnostic and chemical criteria employed. In the subacute stages of glomeru- 
lonephritis cholesterol may be distinctly elevated, whether there is hypertension 
or not. Some such patients may be included in any series because it is often 
impossible to tell whether a hypertension originated in glomerulonephritis or 
not. Moreover, hypertension of itself is not infallible evidence of athero- 
sclerosis. In the last analysis the elevations of cholesterol that have been 
demonstrated are relatively small and inconsistent. Alvarez and Neuschlosz 
(9) claim that, although the concentration of cholesterol in the serum of pa- 
tients with hypertension is normal, because of some other peculiarity of com- 
position the scrum of patients with arteriosclerosis is not able to hold the usual 
concentration of cholesterol in solution; the serum is supersaturated with 
cholesterol. This Medvei (622) and others (454) have been unable to verify. 

It has been demonstrated by both microscopical examination and chemical 
analysis that atheromatous vessels contain excessive amounts of lipids, es- 
pecially cholesterol, and that these accumulate especially in the atheromatous 
patches (532, 606a, 760, 780). It does not follow that hypercholesterolemia or 
any general disturbance of cholesterol metabolism is responsible for these 
deposits. In certain types of xanthomatosis in which far larger deposits of 
lipids occur, there may be no lipemia. In the Late stages of atherosclerosis 
calcium is deposited in atheromatous plaques; but this does not denote that 
there is an attendant hypercalcemia or disturbance of calcium metabolism 
The quantity of cholesterol in the aorta of persons of all kinds, collected at 
autopsy, increases as age advances (149, 760), but serum cholesterol follows 
no such course. 

It has been recognized for a long time that if rabbits are given large quan- 
tities of cholesterol they develop both hypercholesterolemia and atheroma of. 
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the vessels, characterized by deposition of lipids, chiefly cholesterol, in the 
vascular walls. Although the individual lesions are said to resemble those seen 
in the vessels of patients with atherosclerosis (531), their distribution is, ac- 
cording to certain authors (760), far more diffuse. They are not confined to 
the aortic and systemic arteries, but are also found in the pulmonary vessels 
and even in the veins (779). The condition, moreover, develops with great 
rapidity and is peculiarly influenced by iodine and by activity of the thyroid. 
These latter factors to a large extent, of course, affect the concentration of 
cholesterol in the serum. On the other hand the hypercholesterolemia and the 
atherosclerosis can be disassociated under certain experimental conditions. 
Injury to the vessels seems to precede the deposition of cholesterol (252). 
If this is the case it is unnecessary to hypothecate a general disturbance of 
cholesterol metabolism or a hypercholesterolemia as the primary cause of the 
lipid accumulations; but only some chemical disturbance associated with injury 
that favors the deposition of cholesterol in the injured locality. The deposition 
may be accelerated or exaggerated if the concentration of cholesterol in the 
plasma becomes excessive. To this extent hypercholesterolemia would act as 
a contributory cause of atheroma. On the whole it is doubtful whether the 
reaction of the rabbit to cholesterol is relevant to the problems of human athero- 
sclerosis. Thus far it has proved impossible to elicit comparable reactions 
in other species of animals. This is only one of the numerous respects in which 
the lipid metabolism of the rabbit appears to be unique (see also section on the 
Thyroid above). 

The high incidence of atheroma in diseases attended by hypercholesterolemia 
is of ten cited. Chief among these diseases are diabetes and nephritis. Hyper- 
lipemia is not, however, a consistent feature of diabetes nor is its incidence 
correlated with that of atherosclerosis (see section on Diabetes above). The 
correlation in nephritis is no better. Serum cholesterol is most elevated in 
just those forms and stages of nephritis in which hypertension and arterial 
lesions are least frequent, and is usually normal in those types and stages in 
which the arteries are most affected (see section on Diseases of the Kidneys 
above). 

In summary although there can be no doubt that deposits of lipids, es- 
pecially cholesterol, are consistent and characteristic features of atheromatous 
lesions of the arteries there is no indication that hypercholesterolemia plays 
more than a contributory rfile in their production. No general disturbance of 
lipid metabolism has been demonstrated in patients with atherosclerosis. 
The available evidence suggests that cholesterol accumulates in the walls of 
the arteries when these are affected by degenerative processes or suffer local 
injuries. The nature of the noxious influences which pave the way for the 
deposition of cholesterol remain to be discovered. 

Individual cases have been described in which hyperlipemia has been asso- 
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dated with precocious and extensive atherosclerosis (670), Generalizations 
from such unique cases are not warranted. 

Toxemias of pregnancy 

In eclampsia and preeclampsia Boyd (120) has reported great variability 
of the serum lipids. He attaches significance to a reduction of the cholesterol: 
lipid phosphorus ratio. The consistency and degree of this disturbance, how- 
ever, do not appear to be even statistically significant. 

In vomiting of pregnancy and in toxemias ketosis occurs as a result of starva- 
tion. Vomiting in these conditions almost invariably gives rise to aridosis, 
not alkalosis, because ketone bodies are produced in excess and at the same 
time there is a deficiency of free hydrochloric acid in the gastric secretions 
(527). 


Anemia and diseases of Ihe blood 

Early investigators claimed that certain types of anemia could be distin- 
guished from others by characteristic blood lipid patterns. It was even sug- 
gested that some anemias resulted from disturbances of lipid metabolism, 
chiefly because of tire hemolytic and antihemolytic effects of phosphatides and 
cholesterol respectively. With the recognition that these functions of the 
lipids arc restricted to particular conditions and with the accumulation of 
extensive data on the concentration of blood lipids in a great variety of anemic 
states, came the realization that the disturbances which had been considered 
causes and characteristics of specific types of anemia were merely expressions 
of a general reaction to loss of blood cells and hemoglobin from the circulating 
blood (105). 

This reaction is characterized by a deficiency of lipid phosphorus and choles- 
terol of plasma (95, 105, 251, 289, 299, 453a, 645, 646, 678, 960). A relative 
excess of fatty acids, bespeaking an increase of neutral fat, has also been re- 
ported by roost observers (95, 105, 251, 289, 678, 960). These changes are 
likely to appear only after the red blood cell count has fallen to or below 2 
million cells; but bear no direct relation to the degree of anemia when the count 
falls lower than this (97, 645). They disappear when the anemia improves 
either spontaneously or under treatment (565, 645, 646). 

The cause of the lipid disturbance is not clear. It has been attributed to 
oxygen want, but MacLachlan (577) was unable to alter the serum lipids of 
cats or dogs by exposure to low atmospheric pressures from 3 to 6 hours, and 
Muller and Talbott (647) detected no consistent changes in man after residence 
for several days at altitudes of 10,000 to 14,000 feet. The changes of lipids 
are more evident in plasma than in blood cells (105). Possibly they represent 
only the effects of malnutrition. 

The rabbit appears to be an exception to the general rule. If a chronic 
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anemia is produced in these animals by repeated bleeding (112, 305, 479), or by 
other means (1 76), blood lipid phosphorus and cholesterol rise strikingly. This 
may be a reaction to anoxemia, since Stamp (864) induced lipemia in rabbits 
by prolonged exposure to low oxygen tensions. 

According to Bloor and MacPherson (105) the lipids of the blood cells are 
affected less than those of the plasma. Erickson, Williams, Hummel, Lee, and 
Macy (289), on the other hand, found that in the anemias of childhood, and 
especially in erythroblastic anemia, the blood cells contain more than the usual 
quantities of neutral fat and a greater proportion of esterified cholesterol. In 
pernicious anemia the cells contain an excess of cholesterol esters with a de- 
ficiency of phospholipids (960). In 9 out of 10 cases studied by Kirk (506) 
the ether-insoluble phospholipids of the cells rose after treatment with active 
liver extracts. In half the cases the cells contained little or no cerebrosides 
until treatment had been instituted. 

In individual cases with other diseases of the blood and hematopoietic system 
variations of serum lipids have been observed (95, 281, 285, 299); but there 
is no reason to believe that these bear any specific relation to the diseases in 
question. It is more probable that they are referable to associated or coincident 
metabolic disorders. 

Davis (226a) has reported that in dogs administration of choline with lard 
induces a hyperchromic anemia that can be prevented or cured by intramuscu- 
lar injections of purified extracts of liver or stomach. 

Infectious diseases 

As a general rule the serum lipids decrease during the acute stages of febrile 
infectious diseases (229, 505, 597, 752, 876). In pneumonia increases of fatty 
acids have been reported (76, 115); but Stoesser and McQuarrie (876) found 
them consistently reduced in 6 cases. Cholesterol appears to suffer more than 
any other lipid fraction, while the fatty acids appear to be affected least (876). 
In acute respiratory infections and pneumonia the ratio of free to total choles- 
terol rises (866, 875), because the cholesterol deficiency involves almost solely 
the ester fraction. Stoesser and McQuarrie (876) were unable to alter the 
concentrations of lipids in the serum by artificial fever, induced by phenylethyl- 
hydantoin, diathermy or typhoid vaccine. They therefore decided that the 
hypolipemia could not be attributed to the febrile reaction accompanying 
infections. During the course of the febrile reactions induced by therapeutic 
inoculation with malaria, serum cholesterol did fall; but its concentrations 
could not be correlated with the height of the fever at the time the serumwas 
drawn. These observations are at variance with those of D’Allesandro (220) 
who claims that hypercholesterolemia is frequent in the febrile stages of malaria. 
One is tempted to surmise that the decline of serum lipids in acute infections 
is a sign of malnutrition. That it is not merely the effect of dietary alterations 
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was demonstrated by Stocsserand McQuarrie (876), who showed that it oc- 
curred even in patients who were kept on constant diets. 

During convalescence from infections the scrum lipids return to normal 
(229, 505, 867, 876), for a short time overshooting the mark (597, 866). 

In most chronic infections serum cholesterol is reduced (127, 265, 416, 501). 
Boyd and Roy (128) claim that filaria is an exception to the general rule, but 
the figures they give lie within the usually accepted normal limits. In the 
early acute stages of syphilis cholesterol and lipid phosphorus are usually re- 
duced (300, 752). In cerebrospinal syphilis, Rosen, Krasnow and Lyons (752) 
noted a slight statistical tendency to hypercholesterolemia. In the terminal 
stages of tuberculosis cholesterol may fall to minimal values (504). Again 
it is to be suspected that these serum lipid changes arc related, not to any 
specific effects of the diseases with which they are associated, but to the wasting 
they induce. 

In the active stages of rheumatic lever (672) and in rheumatic heart disease 
with cardiac failure (672, 709) serum cholesterol tends to be low. 

Skin diseases 

Considerable interest has centered about lipid metabolism in diseases of 
the skin, because integumentary lesions are so conspicuous in deficiency dis- 
orders of animals. On the whole, however, the serum lipids appear to be 
normal in dermatoses other than the lipoidoses (750, 751). 

In allergic eczema of infants, according to Hansen (393) and Faber and 
Roberts (295), the iodine numbers of the fatty acids in the serum are lower than 
they are in normal infants. Hansen (393) claims that the administration of 
highly unsaturated fatty acids in the form of linseed or cottonseed oils not only 
raises the iodine numbers of the serum fatty acids, but also has a beneficial 
effect upon the eczema. The reductions of iodine numbers reported by these 
observers are not consistent and are so small that their significance is doubtful. 
The therapeutic results cited by Hansen are not sufficiently striking to be con 
vincing in a disease that runs a notoriously capricious course. Faber expresses 
great skepticism about the relation of the low iodine numbers to the eczema. 

Hamilton (3S6) has adduced evidence that the male sex hormone is a factor 
in the production of acne. 


Miscellaneous diseases 

Serum lipids have been examined in a variety of oilier diseases, including 
the arthritides (402, 500), hay fever and asthma (102) and cancer (28, 380), 
The occasional abnormalities which have been observed seem to bear no specific 
relation to the diseases themselves, but rather to associated disorders. 
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Lipoidoses or abnormal deposits of lipids 

When fat accumulates in excess in the body, but distributed in the normal 
manner, the result is spoken of as obesity. Slight variations from the normal 
pattern of fat deposition distinguish the sexes. Heredity also appears to in- 
fluence the distribution of fat. Disturbances of certain endocrine glands may 
alter the usual distribution of fat by exaggerating or diminishing sex differen- 
tiation. Lesions of the hypothalamus, by increasing the appetite, may cause 
gross generalized adiposity. AH these conditions have been discussed above. 

Other forms of adiposity there are in which fat is symmetrically and diffusely 
disposed in more definitely localized accumulations, symmetrical adiposities. 
The fat in these deposits does not differ in structure or composition from normal 
fat (680). Neither in these diseases nor in the lipodystrophy of children (689) 
is there an}’ demonstrable anomaly of lipid metabolism. The same is true of 
lipomas, localized fatty tumors, usually situated in the subcutaneous connec- 
tive tissue. In all these conditions fat of normal composition is laid down in 
sites and in the types of tissue in which fat is ordinarily deposited. 

In the liver especially, less frequently in other organs, parenchymal cells 
may contain more than the usual amount of lipid material. The chief disorders 
of this kind have been discussed in relation to the dietary fatty liver and other 
liver diseases. They appear to be expressions of definitely disturbed lipid 
metabolism. 

Finally there is a group of diseases in which, for some reason or other, cells 
of the reticuloendothelial system in various tissues or organs take up lipids 
to produce diffuse infiltrations or even large tumor masses. These conditions 
are usually spoken of as xanthomatoses, because of the yellow color which 
characterizes many of them. The term lipoidoses, proposed by Thannhauser 
(894, 897) is, however, more appropriate, the term xanthomatosis being re- 
served for those conditions in which cholesterol is the predominant lipid. 

The lipoidoses are distinguished from one another according to the chemical 
composition of the lipid material deposited, the tissues or organs in which it is 
laid down and the presence or absence of a gross disorder of lipid metabolism 
evidenced in an abnormal serum lipid pattern. Tor complete classifications 
and detailed descriptions of the various syndromes that may have been de- 
scribed the reader is refened to articles by Pick (703) and Thannhauser (894, 
897). The lipid disturbances have been reviewed by Sobotka (835a) and 
Sperry (847a). 

The xanthomatoses, in the restricted sense of the term, comprise tumors 
or infiltrations in which cholesterol can be found in large quantities. It is 
usually held that cholesterol is the chief constituent of these deposits, but actual 
analysis has revealed a variable mixture of cholesterol and phospholipid, 
with only a small admixture of neutral fat. The last feature distinguishes 
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involvement. Abnormal cholesterol ratios are not a regular characteristic of 
xanthomatosis (583, 894, 897); but are common in cases with jaundice or signs 
of hepatic cirrhosis. 

Another type of xanthomatosis Thannhauser classified as primary, although 
it is accompanied by hypercholesterolemia. In this type or group larger and 
more discrete accumulations of foam cells of a tumorous nature develop in 
certain kinds of tissue, especially in tendons or in the skin and subcutaneous 
tissues (xanthoma tuberosa or plana). These conditions differ from the previ- 
ous groups in certain respects: first, the lipid material appears to have a pre- 
dilection for certain types of tissue; second, the hypercholesterolemia does not 
usually respond to diet (508, 851, 894, 897). The latter rule has its exceptions, 
however. Schonheimer (782) has reported a case of tendon xanthomatosis in 
which the lipemia diminished distinctly on a cholesterol-free diet. In this 
group also the lipemia is less general and less extreme than it is in the secondary 
xanthomatoses. Cholesterol is particularly elevated, sometimes to as much as 
600 mg. per cent, with a normal proportion of esters (508, 583, 894, 897). 
Lipid phosphorus is also high, the ratio of cholesterol to lipid phosphorus being 
about what one would expect with comparable cholesterol in myxedema or 
nephritis. Neutral fat, however, remains quite normal (583). 

A third group of xanthomatoses exists which are not accompanied by hyper- 
cholesterolemia. The best recognized forms are xanthoma disseminata in 
which the skin is involved and Schuller-Christian disease in which the mem- 
branous bones of the skull are particularly affected, giving rise to a rather 
definite syndrome characterized, among other features, by exophthalmos and 
diabetes insipidus. Sometimes other organs are involved, quite commonly 
the marrow of cancellous bones, less often lungs and pleura (894, 897). In 
these conditions it is generally agreed that the serum lipids, including choles- 
terol are regularly normal (703, 894, 897). Dietary treatment is without effect. 
X-ray appears to be the most successful therapeutic measure (841). 

Although this rough classification covers the main types of xanthomatosis, 
individual cases have been observed which can not be placed in any of the 
categories that have been mentioned, border-line conditions that have some 
features of more than one class (782, 883, 894, 897). 

Solitary xanthomatous tumors occur, with normal serum lipids, and without 
any apparent tendency to multiply (260, 583, 880). Xanthelasmata of the 
eyelids belong strictly among the xanthomatoses, but are not necessarily asso- 
ciated with xanthomatous lesions elsewhere in the body. Like some of the 
primary xanthomatoses they tend to be hereditary. 

Many theories have been advanced to explain the occurrence of xanthoma- 
tosis, none altogether satisfactory. Secondary xanthomata have been attrib- 
uted to the effects of hyperlipemia itself, as if the reticuloendothelial cells 
were merely attempting to dispose of excessive amounts of lipid materials. 
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Sudi an hypothesis in no wise explains the existence of the underlying Iipemia 
in cases of essential Iipemia. Moreover, xanthomatosis, even of this type, is 
not an invariable consequence of hyperlipemia, but appears only in certain 
cases with high scrum lipids. The degree of Iipemia is not the only deter- 
minant, since xanthomatosis is seldom seen in the most extreme lipemias of the 
nephrotic syndrome. It seems necessary, as Jordans and van den Horst (481) 
have pointed out, to postulate some general disorder of lipid metabolism. 
Sperry and Schick (851) have suggested, on the basis of the disturbed choles- 
terol ratios which have been reported in certain cases of essential Iipemia, 
that xanthomatoses may arise from impairment of the ability to esterify 
cholesterol. This is not, however, a constant characteristic of the disease 
(188), and may be merely an expression of liver invotvement in the cases 
in which it occurs. Furthermore, if impairment of esterification of itself 
caused xanthomatosis, this should he more commonly encountered in hepatic 
disease. Attention has been too much directed to cholesterol. The lipid 
accumulations are not composed solely of cholesterol. This is not the only 
lipid fraction of the serum that is affected; phospholipids are equally increased. 

In tire primary xanthomatoses with hypercholesterolemia, the peculiar pre- 
dilection of the tumors for certain tissues, especially in the tendinous variety, 
argues for some local changes in these particular tissues that predispose them 
to the accumulation of lipids, rather than a general disorder of lipid metabolism. 
To any such generalization SchSnheimer’s (782) case is an exception. But 
this patient was also exceptional in having a low free: total cholesterol ratio 
and in responding to a low cholesterol diet. In the last respect he resembles 
members of the ebss of secondary xanthomatosis. His cholesterol metabolism 
was definitely anomalous. He excreted less than the normal amounts of 
cholesterol in his feces and had in his serum unusually large quantities of di- 
hydrocholesterol. Schonheimer suggests that the ability of the patient to 
excrete cholesterol was defective. This does not, however, exphin the ten- 
dency to local deposition of lipids nor the inability to dispose of cholesterol 
by other modes than intestinal excretion. 

Except for the reaction of the serum lipids themselves, to fat or cholesterol, 
there is no evidence in any of the xanthomatoses that the utilization of lipids 
by the tissues in general is unpaired. In fact, since the nutrition of patients 
with secondary xanthomatosis can be maintained on low -fat diets, it may be 
inferred that they can utilize fat formed from carbohydrate without clogging 
the transportation system. In neither Chanutin’s (188) nor Holt’s (455) case 
was the hyperlipemia influenced by lipotropic agents or thyroid substance. 

In Sch Uller-Chr istian disease and other forms of primary xanthomatosis 
without hypercholesterolemia the disorder can, with a little more confidence, 
be relegated to the tissues where the lipids are deposited, but the reasons for 
its accumulation in these sites are quite as obscure. The peculiar localization 
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in specific types of tissues in the absence of any demonstrable abnormality of 
serum lipid patterns and the response to local x-ray treatment argue against a 
disturbance of the general lipid metabolism. 

Niemann-Pick’s disease is somewhat rarer than the xanthomatosis; but, like 
the essential xanthomatoses, appears to be a familial constitutional disorder. 
It is characterized by wide-spread dissemination of accumulations of lipid- 
containing cells which may affect all the organs, usually involving liver, spleen, 
lymph nodes and bone marrow, and not infrequently the central nervous sys- 
tem. Pick (703) claims that it is usually accompanied by hypercholesterolemia 
and sometimes by gross lipemia; but other investigators have found normal 
concentrations and proportions of lipids in the serum (847a, 894). Sperry 
(847a) has shrewdly remarked that low free: total cholesterol ratios reported 
in some cases are only to be expected in a disease that causes such extensive 
damage to the liver. No excess of sphingomyelin, the chief constituent of the 
lipid accumulations (191, 512, 847a, 894) can be found in the blood (191, 847a, 
894). The sphingomyelin is accompanied by certain amounts of cholesterol 
and other lipids in the tissues (847a). Klenk (512), who established the 
composition of the lipid accumulations, also showed that the sphingomyelin 
in the brain of a patient with Niemann-Pick’s disease was unique in containing 
only a single fatty acid, stearic. On the other hand, the brain in Niemann- 
Pick’s disease contains less than the usual proportion of cercbrosides (847a), 
It also contains variable amounts of Substance X, to which attention will be 
called below. The sphingomyelin in the liver and spleen of Klenk’s case had 
the normal composition (512). 

Tay-Sachs disease, sometimes associated with familial amaurotic idiocy 
has been generally considered as closely associated to, perhaps even a variant 
of, Niemann-Pick’s disease, because of the predilection of the lipids to accumu- 
late in the brain in both conditions (227). Klenk and Schumann (513), how- 
ever, by painstaking analyses of the lipid accumulations, in Tay-Sachs disease 
recovered little sphingomyelin or normal cerebroside, but large quantities of a 
galactoside which contains, in addition to fatty acids, sphingosine and galactose, 
a previously unknown organic acid containing nitrogen which Klenk (512a) 
named neuraminic acid. The galactoside he earlier termed Substance X. 
Sphingomyelin in the brain in this disease, instead of being increased, is greatly 
reduced (847a). 

Substance X is not an abnormal galactoside; it occurs in normal brain tissue, 
but in small amounts. Variable, but somewhat larger than normal quantities 
have been found in the brains of some patients with Niemann-Pick’s disease 
(835a, 847a). 

In Tay-Sachs disease as in Niemann-Pick’s the serum lipids are essentially 
normal. The metabolism of lipids in these conditions seems to have become 
unbalanced, proceeding to dead ends. The end-products, however, for the 
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most part, have the properties of normal lipids, with the exception of the pe- 
culiar sphingomyelin of the brain in Nlemann-Tick’s disease. 

Gaucher’s disease, also familial, presents a distinct contrast. This disorder 
is characterized by infiltration of spleen, liver and lymph nodes with cerebroside 
(225, 269, 385, 513). As in the other lipoidoses the fatty materials are en- 
closed in foam cells derived from the reticuloendothelial system. It is gener- 
ally asserted that the concentrations of lipids in the serum in this disease are 
normal (91, 894); but a number of observers (91, 225, 269) claim that the lipid 
nitrogen of the serum is sometimes increased. This they attribute to the 
presence of ccrebrosides, of which serum usually contains only traces. The 
cerebroside in the tissues has the general composition of kerasin, with which 
it has been generally identified, although some doubt has long been expressed 
concerning the nature of the sugar in the compound (513). Recently three 
independent groups of observers have reported that the kerasin recovered 
from accumulations of lipids in the tissues of a number of patients with Gau- 
cher’s disease lias dilTercd from normal kerasin in containing glucose instead 
of galactose (225, 385, 513). 

Gaucher’s disease, then, may originate in an aberration of lipid metabolism 
which results in the production of a type of cerebroside so abnormal that it 
can not be utilized in the usual manner. Tins offers an explanation for this 
particular type of lipoidosis. It is appropriate that, if Gaucher’s disease does 
originate from the production of an abnormal lipid, this should accumulate 
especially in the reticuloendothelial cells of spleen, liver and lymph nodes 
which are generally most active in the remoral of foreign matter. ♦ 
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Chapter VI 


STEROID HORMONES 

That the male and female gonads produce materials that are responsible 
for the development of secondary sex characteristics, sexual instincts and sexual 
habits seems implicit in the effects of castration on both male and female ani- 
mals. The preparation of active extracts was early attempted. For a review 
of this early work the reader is referred to articles by Koch (53), Doisy (24) and 
others (46). 

The credit for the isolation and identification of the first gonadal hormone 
belongs to Doisy (25), who obtained from the follicular fluid of ovaries an estro- 
genic compound, Oteelin, now officially known as estrone. Subsequently pro- 
gesterone was isolated from corpora lutea (3, 13, 71). Androslerone, the first 
pure substance with androgenic activity, was isolated from male urine by 
Butcnandt (11) in 1932; testosterone was obtained from testicular tissue by 
Laqueur and associates (54) in 1935. All these substances, of which the struc- 
tural formulae are depicted in I and II, proved to be steroids. In addition 
from the adrenal cortex have been extracted steroids which will sustain adrenal- 
ectomized animals. 

The gonads and the adrenal cortices by which these materials are produced 
are peculiarly rich in cholesterol, a large part of which is esterified. This has 
naturally given rise to the impression that cholesterol is the general parent 
substance from which the steroid hormones are elaborated. Such a theory in- 
volves no insurmountable chemical objections, but has only recently been sup- 
ported by direct evidence. Some inferential support is found in experiments 
of Sayers, Sayers, White and Long (69), who have shown that the cholesterol 
of the adrenal cortex varies greatly under the influence of the adrenotropic 
hormone of the anterior lobe of the pituitary gland. It has been demonstrated 
that an active metabolism of steroids is conducted by the gonads and the ad- 
renal cortex. Bloor, Ofcey and Comer (8, 62) have shown that the phospho- 
lipids and cholesterol of corpora lutea and uterine mucosa change strikingly 
with the activity of these organs. The first unequivocal proof that a steroid 
hormone can be derived from cholesterol came when Bloch (7a) recovered 
significant quantities of deuterium from the urinary pregnanediol of a woman 
who had received deuteriocholesterol. 

The androgenic steroids. The secretion of the male sex hormone appears to 
be controlled by the gonadotropic hormone of the pituitary gland. There are, 
therefore, two types of conditions in which deficiency of the internal secretory 
activity of the testes is encountered: those secondary to pituitary insufficiency 
and those due to primary injury or destruction of the gonads. They can be 
distinguished by measuring the excretion in the urine of gonadotropic hormone, 
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which is reduced in pituitary or secondary gonadal deficiency, increased in cas- 
trated animals. Testosterone (see I), which has been isolated from the testes 
of animals (54), restores to castrate males secondary sex characteristics, sexual 
instincts and behavior. It is, therefore, presumed that this is the active form 
of the native male sex hormone; but analytical methods have not been suf- 
ficiently refined to permit quantitative measurement of its concentration in 
blood or tissues. 


I 



H 

Isoandrostcrone Dehydro-iso androsterone 


In the urine of normal males are found a group of compounds chemically 
related to testosterone, which also have male sex hormone activity and are pre- 
sumably derivatives of testosterone. These compounds are characterized )>y 
the presence of a ketone group on carbon 17, a property that has been made the 
basis of chemical tests of androgenic activity. When the 17-ketosteroids of 
normal male urine are isolated or analyzed further, a major proportion is found 
to consist of alpha-ketosteroids, which are not precipi table by di gitonin; only 
a small fraction consists of beta-ketosteroids, which are precipitated by digi- 
tonin. The principle alpha-ketosteroid is androsterone; the chief representa- 
tives of the beta-ketosteroids are isoandrosterone and dehydroisoandrosterone 
(see I). 

The concentration of androgenic materials in the urine has been employed as 
an index of gonadal activity. It may be estimated by biological tests, or in 
terms of mg. of 17-ketosteroids. In both instances androsterone is used as the 
reference compound, 10 international androgenic units representing the andro- 
genic activity of 1 mg. of androsterone. Since there is this simple relationship, 
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it seems preferable to cypress both biological and chemical measurements in 
terms of equivalents of nndrosterone. It must be recognized, however, that 
the total androgenic activity is contributed by various proportions of a number 
of compounds that possess lower androgenic activities than androsterone 
does (49). 

Peterson, Gallagher and Koch (65) demonstrated that the androgenic ac- 
tivity of urine was increased by acid h> drolysis. The major part of the andros- 
terone in urine appears to be excreted in conjugated form and is, therefore, 
inactive. This conjugation, like most other reactions of this nature, is probably 
effected in the liver. 

The urine of normal adult males, after hydrolysis, contains androgenic ac- 
tivity equivalent to from 1.3 to 7.9 mg. of androsterone per day, when measured 
by biological methods (22, 39); by chemical methods total ketosteroids equiva- 
lent to from 6 to 21 mg. of androsterone have been found (23, 75, 76). About 
2 mg. per day of the material measured by the usual colorimetric procedure is 
nonkctonic. According to Werner (82) this is quite constant and, therefore, 
of no consequence if the test is used for comparative purposes only. Of the 
remainder not more than 2 mg. per day is composed of beta-ketosteroids, the 
major part consisting of alpha-ketostcroids (76). In addition there are small 
quantities of non-alcoholic ketosteroids (76). Even after correction has been 
made for these fractions there still remains a discrepancy between biological 
and chemical assays. Nevertheless, the latter give reliable information, 
especially if the ketosteroids are fractionated. 

Over short periods of time the quantities of ketosteroids excreted vary greatly 
from day to day for no obvious reason. This variability is not referable to 
non-ketonic chromogentc materials, which appear in low and fairly constant 
concentration (82). No significance can be attached, therefore, to slight de- 
viations from the normal range observed on a single day, or even a period of 3 
or 4 days. In more prolonged periods of observation, individuals differ from 
one another in the mean quantity excreted, some regularly eliminating more 
than others, without demonstrable relation to other signs of sexual activity 
(82). Pincus (66) has shown that young adult males excrete more ketosteroids 
during the waking hours of the day than they do at night, and that the differ- 
ence does not depend upon the relative volumes of urine in the two periods. 

Before puberty smaller quantities of androgens are found in the urine: by 
biological methods the equivalent of from 0.1 to 3.2 mg. of androsterone per 
day (22, 2S). About the eighth year of life the titer begins to rise in both sexes, 
to reach adult values at puberty (61). The urine of cryptorchids and eunuch- 
oids has little androgenic activity and that of castrated males has almost 
none (52). Some persists, however, after the disappearance of sexual activity 
in old men (22). 

Although the urinary excretion of androgen by males appears to be con- 
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nected with testicular function, neither the androgenic activity nor the 17- 
ketosteroid titer of the urine is always an altogether reliable index of male 
sexual potency. The discrepancies can be attributed to the fact that testoster- 
one is subjected to certain metabolic processes which result in its destruction 
or inactivation. A large proportion of injected androgen can never be re- 
covered in the urine. If testosterone propionate is injected the increased 
androgenic activity of the urine accounts for only a fraction of the testosterone. 
If androsterone itself is injected, only about 25 per cent is recovered (26, 30); 
the remainder must be utilized or excreted by other channels. Dorfman and 
Hamilton (30) found that while methyl testosterone, when given by mouth to 
males with deficient testicular function, was a far more effective sex stimulant 
than testosterone propionate, it had almost no effect on urinary androgens. 
On the other hand, if testosterone propionate was given by mouth it had no 
physiologic effect upon the sex function of castrates, although it increased the 
urinary androgens promptly and strikingly. This is in contrast with the po- 
tent androgenic activity of testosterone propionate when injected. When this 
compound is given by mouth it is apparently taken up into the portal circula- 
tion by which it is conducted directly to the liver where it is inactivated by 
conjugation. Methyl testosterone appears to be less susceptible to conjugation. 
A large proportion of testosterone produced by the testes, if it escapes immedi- 
ate utilization and finds its way to the liver, must be inactivated in this manner. 
Most of the androgenic material in urine is inactive until it has been hydrolyzed. 

The urine of adult women has almost as much androgenic activity as that of 
men: 1.5 to 5 mg. equivalents of androsterone per day by biological methods 
(22), 4 to 15 mg. of ketosteroids (38, 76, 82). Hamblen and his associates (42), 
using a variant of the usual colorimetric technique, have reported only 1.5 to 
4.7 mg. daily. As in the male, smaller quantities, of the order of 0.5 mg. per 
day by the biological method, are excreted before puberty (22). The urinary 
androgens persist throughout pregnancy and after natural or artificial meno- 
pause (22, 43). 

In the male these ketosteroids, and especially androsterone, appear to be 
derived chiefly from testosterone produced in the testes, since only negligible 
quantities are found in castrates. In members of both sexes, whether they are 
normal or castrate, injection of testosterone causes the ketosteroids of the urine, 
especially androsterone, to rise. Only traces of testosterone itself escape. 
Smaller quantities of other ketosteroids are also excreted, some of which may be 
intermediary products arising in the course of the transformation of testosterone 
to androsterone (30). The conversion of testosterone to androsterone must, 
therefore, be effected in both sexes otherwhere than in the gonads. There is 
reason to attribute their production In the female to the adrenal cortex. The 
highest figures for urinary androgenic activity have been reported from women 
with hyperplasia or tumors of the adrenal cortex associated with virilism (9, 19, 
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23, 38, 42, 76). The ketosteroids isolated from the urine of females with these 
conditions contain compounds identical with those recovered from normal 
female urine, especially androsterone and dehydroisoandrosterone (42). In 
the diagnosis of these conditions the measurement of urinary ketosteroids is 
of the greatest value. It is not unusual to find more than 100 mg. of andro- 
genic ketosteroids per day in the urine of such patients. Both the alpha- 
and the beta-fractions arc affected. Talbot and his associates (76) have sug- 
gested that the latter are particularly characteristic of cortical carcinoma', but 
their data indicate rather that beta-ketosteroids become significantly elevated 
only when the total ketosteroids are greatly increased. Dorfman (33) found 
large amounts of dehydroisoandrosterone in the urine of one girl with simple 
cortical hyperplasia. Cuyler, Hirst, Powers and Hamblen (21) noted less 
than the usual quantities of 17-kctosteroids in the urine of two patients with 
Addison’s disease. They were unable to increase the excretion of 17-kctoster- 
oids by injections of desoxycorticosterone acetate. If androgenic ketosteroids 
do originate in the adrenal cortex, their almost complete absence from the urine 
of castrate males would seem to indicate that these glands are sexually differ- 
entiated. The authors are not aware that urinary androgens have been 
measured in cases of adrenal cortical tumors in males, which are extremely rare. 
It has been reported that in men such tumors give rise, not to virilism, but 
rather to gynecomastia (55, 70). 

In pituitary cachexia, in which the function of both adrenals and gonads is 
suppressed, the urine is practically free from 17-ketosteroids (84). 

Dorfman and Hamilton (31) found that 20 mg. of testosterone propionate 
injected intramuscularly daily was the minimum amount required to induce a 
normal androgenic excretion in castrated males. When testosterone is given 
to such individuals by this route the urinary androgens are a good measure of 
its physiologic or therapeutic effect. When pellets of the steroid were im- 
planted subcutaneously 280 mg. were required to produce an equal effect. 
In this case also the urinary androgen was well correlated with physiologic 
action. 

Estrogenic hormones. The estrogenic hormone, theelin, subsequently of- 
ficially named estrone (see II), was first isolated from the follicular fluid of the 
ovaries by Doisy (25). Since then other steroids with estrogenic activity have 
bees* discovered, of vihvch dibydrotheehn w a-estradiol (set II), first obtained, 
from sow’s ovaries, is particularly important because it is more potent than any 
other naturally occurring estrogen thus far discovered. The production of 
estrone is not confined to the ovarian follicles. If the ovaries are removed 
during pregnancy estrogens continue to be excreted in the urine (2). More- 
over, the estrogenic assay of the urine is peculiarly high in pregnancy. The 
source of these estrogens is probably the placenta, in which they have been 
identified in large quantities by Westerfeld and Doisy (85). 
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Normal, non-pregnant women excrete in the urine materials that have estro- 
genic activity, chiefly estrone and estriol (see II) (85). When estrone is in- 
jected into normal males, in addition to estrone and some estriol, estradiol is 
recovered from the urine (64). When a-estradlol is injected estrone and un- 
changed estradiol are recovered. Heard and Hoffman (47) could find no other 
end products. The reaction, estrone a-estradiol is, therefore, fully re- 
versible. 


n 



JI 

Tregnanediol 


The analysis of urine for products of the estrogenic hormones, by biological 
or chemical methods, has been employed for diagnostic purposes. Normal 
women excrete in the urine estrogens equivalent to from 4 to 85-y of estrone 
per day (39). Biological methods yield somewhat higher values because, as 
Doisy and associates (50) have pointed .out, the urinaiy estrogens contain 
a-estradiol, which has far greater estrogenic potency than estrone. During 
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the menses the titer sinks extremely low, to rise to one, or sometimes two, 
peaks during the intermenstrual period (39, 83). So irregular are these peaks 
and so widely do urinary estrogens fluctuate in the course of the menstrual 
cycle that Werner (83) sets little value on their measurement. During preg- 
nancy the estrogens of the urine rise to great heights. Talbot and associates 
(76) report the equivalent of 300 to 600? of thcelin per day after the fourth 
month. Browne, Henry and Venning (10) found 100 to 200? per 24 hours at 
about the 40th day of pregnancy, rising to 100 to 2000? at 80 to 110 days. 
After this it rose sharply to reach a final peak in the ninth month of 15,000 to 
40,000?. This rise is of little value in the diagnosis of pregnancy because it 
may not begin until such a late date that there can no longer be any uncertainty 
about the existence of pregnancy. The urine of patients with chorioepithelioma 
or hydatidiform mole contains only minimal quantities of estrogen (72). The 
urine of female castrates or of women after normal or artificial menopause has 
only minimal estrogenic activity (1, 37, 60). However, according to Fluhmann 
and Murphy (37) and Nathanson, Rice and Meigs (60) there are always small 
quantities of estrogens in the urine, and at sporadic intervals considerable 
amounts may appear for short periods. 

Up to the age of 7 children of both sexes excrete small amounts of estrogens 
in the urine. From 7 to II the excretion increases gradually. At the end of 
this period, in girls it increases rapidly to reach adult values shortly before the 
menardie. In boys it continues its gradual rise to reach adult values at pu- 
berty. Throughout this time the quantities of estrogens are relatively con- 
stant from day to day. In the female, as the menarche approaches, they assume 
the cyclical rhythm characteristic of the adult menstruating woman (61). 

Just as the urine of women possesses androgenic activity, so does the urine 
of men possess estrogenic activity. The nature and origin of the substances 
that contribute this property have not been ascertained with certainty; but 
they have most of the chemical and biological characteristics of estrin and estriol 
(27). The adult male excretes only about one-half as much estrogenic material 
(2 to 29? per day) as does the adult female (39). Since the urine of castrates 
of both sexes also contains estrogens (1, 37, 52, 60), these must be produced in 
organs other than the gonads, though in less than the usual quantities. Dorf- 
man and Hamilton (29) found that intramuscular injections of testosterone 
propionate increased distinctly the urinary excretion of estrogens by men with 
deficient testicular function and by immature macacus monkeys. They con- 
cluded, therefore, that part of the estrogenic output of normal males resulted 
from the influence of the secretion of male hormone by the testes. It has been 
suggested that the adrenal cortex may form estrogens. For this, however, 
there is no direct evidence. Virilism is characteristic of women with tumors or 
hyperplasia of the adrenal cortex. • The urine of such patients contains ex- 
cessive amounts of 17-ketosteroids, but not of estrogenic steroids (19, 33). 
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A high titer of estrogens has been reported by Simpson and Joil (70) in the 
urine of a man with carcinoma of the adrenal cortex which gave rise to gyne- 
comastia. This again suggests that the adrenal cortex may be sexually differ- 
entiated. 

The interconversion of estrone and estradiol can be effected outside of the 
genital tract, since it occurs in castrated males and in females after removal of 
both ovaries and uterus (36). If estrin or estradiol is injected into human 
subjects or animats only a small fraction can be recovered in the urine. Of the 
remainder an appreciable part is excreted in the bile (57). The major propor- 
tion is utilized or destroyed. In all conditions most of the estrogen in the urine 
is excreted in an inactive conjugated form; in pregnancy practically all the 
urinary estrogen is conjugated (10). The process of conjugation appears to 
take place, like other similar processes, in the liver (34). 

Progestational hormones. In 1934 the isolation from the corpora lutea of a 
steroid hormone, progesterone, (see II), was reported simultaneously by three 
sets of workers (3, 13, 71). Some years before this a progestational hormone, 
pregnanediol (see II), in the urine of pregnant women had been distovered by 
Marri&n (59) and identified by Butenandt (12). This compound is formed 
from progesterone (15, 44, 74). Like the other sex hormone derivatives it is 
excreted chiefly in conjugated form as pregnanediol glucuronate (77, 79). 
(One mg. of pregnanediol glucuronate contains 0.6 mg. of pregnanediol.) 

Pregnanediol glucuronate is found in the urine of normal non-pregnant 
women only during the progestational phase of the menstrual cycle (14, 41, 74, 
78, 86). Venning and Browne (78) state that it appears in the urine 24 to 48 
hours after ovulation and continues to be excreted for from 3 to 12 days (usually 
10 to 12). It disappears from the urine again from 1 to 3 days before menstrual 
bleeding begins. At the peak of excretion from 3 to 5 mg. of progesterone are 
eliminated daily (86) ; the total amount excreted during a menstrual cycle varies 
from 3 to 54 mg. (78). During pregnancy the excretion remains below 10 mg. 
per day until between the 8th and 12th weeks; after this it rises to reach a 
maximum of 75 to 100 mg. at term (5, 10, 74, 77, 87). Its presence can not be 
used for the early diagnosis of pregnancy because it is excreted in the latter part 
of the normal menstrual cycle. 

Hamblen, Ashley and Baptist (41) found that after removal of the uterus 
no pregnanediol was excreted in the urine even if corpora lutea were found in 
the ovaries at operation. After curettages, as well, the urine contained no 
pregnanediol. In patients with deficient ovarian function no pregnanediol 
was excreted even after injections of progesterone (41, 46). They concluded 
that progesterone must be converted to pregnanediol by the uterine mucosa. 
Stover and Pratt (74) could recover no pregnanediol in the urine of women 
after injections of progesterone unless the urines contained some pregnanediol 
before the injections. Hamblen and his associates were unable to relate preg- 
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nanediol excretion closely with progestational phenomena. They attribute 
their failure to the fact that the metabolism of progesterone involves at least 
4 steps: (1) the formation of progesterone by the corpora lutea; (2) the trans- 
formation of progesterone to pregnanediol by the endometrium; (3) the con- 
jugation of pregnanediol in the liver; (4) the excretion of pregnanediol glu- 
curonate by the kidneys. An abnormality in any one of the last 3 steps would 
obscure the relation between progesterone formation and progestational phe- 
nomena. Buxton (14) has reported that urinary pregnanediol is low during 
pregnancy in some cases of habitual abortion; but treatment with progesterone 
has not been attended by signal success. Browne, Henry and Venning (10) 
found low values in some patients with late toxemias of pregnancy; but this 
finding was inconsistent and it was impossible to state which one of the steps in 
progesterone metabolism was responsible for the deficiency. 

Opposed to the concept that an intact endometrium is required for the con- 
version of progesterone to pregnanediol is the observation that males excrete 
pregnanediol after injections of progesterone (IS, 44). It has been claimed 
that pregnanediol may be formed by the adrenal cortex. Venning, Weil and 
Browne (81) recovered 6 to 18 mg. of pregnanediol per day from the urine of 
2 adult women suffering from virilism as the result of adrenal cortical tumors. 
The ovaries of the patients, at autopsy and exploratory operation respectively, 
did not contain corpora lutea. Gcnitis and Bronstein (40) found comparable 
amounts of pregnanediol in the urine of two girls, aged 10 and 4, who pre- 
sumably had hyperplasia of the adrenal cortex. On the other hand Stover 
and Pratt (74) could identify no pregnanediol in the urine of a girl of 3 with a 
similar condition. The adrenal cortex can not be the regular site for the 
conversion of progesterone to pregnanediol since Buxton and Westphal (15) 
recovered pregnanediol from the urine of 3 patients with Addison’s disease 
after injection of progesterone. 

After the injection into a normal male of 25 and 50 mg. of desoxycorticoster- 
one acetate, Cuyler, Ashley and Hamblen (20) recovered 17 and 10 mg. of 
pregnanediol from the urine. A similar transformation has been demonstrated 
in rabbits (48). This is not altogether surprising in view of the close chemical 
relationship of these two compounds (cf. II and ni). Cuyler, Hamblen, et al 
(21) were unable to induce the excretion of pregnanediol by the same measure 
in 3 patients vrith Addison’s disease. This xrodd seem to establish the adrenal 
cortex as the site of the chemical transformation. This inference must, how- 
ever, be drawn with reservation because the same observers were unable to 
induce excretion of pregnanediol by means of desoxycorticosterone acetate in 
normal women and women with menstrual disorders (21), even after they had 
been primed with estrone (45). This emphasizes again that the excretion of 
pregnanediol in women seems to be conditioned by certain features that are 
not active in males. In this respect desoxycorticosterone acts like proges- 
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terone; it is not excreted as pregnanediol in female urine when there is not 
already spontaneous elimination of pregnanediol. 

in 


o o 



17-hydroxycorticos terone ll-debydro-17-hydroxycorticosterone 


0 



Desoxycortxcos terone 


The adrenal cortical hormones. The adrenal cortex is peculiarly rich in 
cholesterol (18) which is present largely in ester form (58, 63) and may be the 
material from which the characteristic hormones are formed. It has been 
shown by Sayers, Sayers, White and Long (69) that the cholesterol of the 
adrenal cortex is greatly influenced by the adrenotrophic hormone of the 
anterior lobe of the pituitary gland. A considerable number, in fact 28, 
crystalline steroids have been isolated from adrenal cortical extracts (68). 
Of these only 6 or 7 have been found to possess biological activity, and among 
these there is considerable variation in the degree of activity. The most 
physiologically active of these compounds, that is those that relieve one 
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or all of the symptoms of cortical insufficiency, are corticosterone, ll-dchy* 
drocorticosterone, 1 1 -d diy d ro- 1 7-hyd rory corticos leron c, 1 7-hydroxycorticos- 
teronc, dcsoxycorticosterone (7, 51). Tlic structural formulae of these com* 
pounds arc illustrated in in. All will maintain the life of adrcnalectomized 
animals, although the minimal quantities required are variable. The corti- 
costerones exert a marked influence on carbohydrate metabolism, while ’desoxy- 
corticosterone is almost inactive in this respect. The latter has, however, a 
marked effect on electrolyte metabolism (see chapters on Carbohydrate, Water 
and Sodium). Although the quantity of desoxycorticostcrone naturally 
present in the adrenal cortex is small, since this compound has been synthesized 
by Steiger and Reichstein (73) it has come into widespread use for the treat- 
ment of Addison’s disease. 


IV 


0— C— O II 011 



There is considerable doubt whether any one of these compounds is identical 
with the true adrenal cortical hormone, although the corticosterones, and par- 
ticularly corticosterone itself, will correct all the disorders of adrenal insuffi- 
ciency (56). As Kendall (51) pointed out, the amorphous fraction remaining 
after the removal of all crystalline steroids retains considerable activity so far 
as maintenance of life is concerned, but has no effect on carbohydrate me- 
tabolism. Lowenstein (57a) has recently isolated from the adrenals of cattle 
a compound consisting of the steroid nucleus with ascorbic acid attached by 
carbon to carbon union at C ,T (see IV). This possesses peculiar biological 
interest because it has long been recognized that the adrenal glands are pe- 
culiarly rich in ascorbic acid, which is dissipated during unusual overactivity 
of the gland (68a). This compound may be the true adrenal cortical hormone 
or its parent substance. Like all the other steroids in the body it may be 
presumed that it is formed from cholesterol. In the rat and other animals 
that can synthesize ascorbic add this is not a chemically unreasonable con- 
jecture. In the guinea pig and man, who must derive their ascorbic add from 
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exogenous sources, the reaction of this vitamin and cholesterol to produce a 
compound of this peculiar conformity would be unprecedented. The com- 
pound has not as yet been isolated from the adrenals of men or guinea pigs. 
It is, of course, possible that ascorbic acid in this particular compound is endog- 
enous in and peculiar to the adrenals and that it is not released in a form that 
can serve the functions of a vitamin. 

By biological methods it has been demonstrated that materials are excreted 
in the urine of normal males which have the properties of adrenal cortical 
hormones in as much as they protect adrenalectomized rats against cold (32). 
Venning, Hoffman and Browne (80) have demonstrated that this material also 
promotes glyconeogenesis. The urine of persons with adrenal cortical tumors 
has even greater power to preserve the life of adrenalectomized animals (4). 
These materials have not been isolated and identified nor have methods of 
assay been sufficiently perfected to make them practical for clinical diagnosis. 

It has been pointed out in the sections on sex hormones that in patients with 
tumors or hyperplasia of the adrenal cortex other steroids with characteristics 
of sex hormones appear in large quantities in the urine. In females with these 
pathologic conditions 17-ketosteroids are especially characteristic (9, 19, 23, 38, 
42, 76). In such large quantities are thty excreted that assays of the urine for 
their presence are of distinct diagnostic value. Tregnanediol glucuronate has 
also been found in the urine of some cases in unwonted amounts; but this is 
neither so consistent nor so plentiful that it can be used as a diagnostic sign 
(40, 81). In one male with this condition associated with gynecomastia 
Simpson and Joll (70) found a high titer of estrogens in the urine. Certain 
androgenic and estrogenic steroids have been isolated from the adrenal cortex. 
Thus adrenosterone (67) and A 4 -androstendione (35) wliich are weak androgens 
were isolated. Ostrone has been recovered from beef adrenals by Beall (6) 
and progesterone has also been isolated (7). 

If these substances can originate in the adrenal cortex their presence in the 
urine of individuals with adrenal tumors or hyperplasia may not be unexpected. 
Furthermore there exists the possibility that the side chain of the corticoster- 
ones may be oxidized, leaving 17-ketosteroids with androgenic activity. That 
this is more than a possibility is shown by the ease with which adrenosterone 
may be formed by the mild oxidation of cortical extracts (67). Other andro- 
genic or estrogenic compounds may be formed, depending upon the activity 
of the adrenal glands and the extent to which the liver is able to inactivate the 
steroids produced by them. 

There is also evidence that the actions of certain of the steroids overlap one 
another. Their close chemical relationships are either reflected in biological 
activities or permit chemical transformations that confer varied biological 
activity. Collings (1 6), for example, by injections of extracts of urine from 
women after the menopause and of urine of castrate cats, followed by injections 
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of pregnane}’ urine hormone, induced ovulation and pseudopregnancy in cats. 
Animals thus treated survived adrenalectomy longer than did normal cats. 
This is in keeping with the observation that adrenalectomy is better toferated 
by pregnant than by non-pregnant aniipals. Corey (17) found that, although 
progesterone had no demonstrable effect on the blood sugar or liver glycogen, 
it did prolong the lives of adrcnalectomized male cats and ofadrenalectomized 
castrated female rats. In the chapters on Carbohydrate and on Sodium is 
cited evidence that some of the steroid sex hormones have actions resembling 
those of adrenal cortical hormones upon tire metabolism of carbohydrate and 
salt. 
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Chapter VII 

FAT-SOLUBLE VITAMINS 

VITAMINS A, E AND K 

These three vitamins are treated together because all have one property in 
common, solubility in fats and lipid solvents. The section is placed in the 
chapter on Lipids because the absorption and disposition of these vitamins by 
reason of their solubilities is linked with that of lipids, although there is little 
evidence that they play important rfiles in the metabolism of the lipids. 

VITAMIN A AND ITS PRECURSORS, THE CAROTENES 

In 1914 Osborne and Mendel (84) and McCollum and Davis (74) reported 
that cod liver oil and butter fat contained a factor or factors essential for the 
growth of animals, which was given the name, vitamin A. Subsequently it 
was discovered that this substance was widely distributed in the vegetable 
kingdom and that its distribution corresponded to that of the yellow pigment, 
carotene (114), with which it was identified. 

Chemical nature 

Carotenes are widely distributed in the vegetable kingdom, usually occurring 
in conjunction with chlorophyll. They are fat-soluble pigments with a yellow 
or reddish yellow color. Their general structure, established by Karrer and 
associates (58), is illustrated in I by the two commonest members of the family, 
a- and /5-carotene. All belong to a special class of polyenes, the carotenoids, 
characterized by a long aliphatic chain containing a continuous system of 
conjugated bonds. In the members of this system that can form vitamin A 
this chain is invariably composed of 18 carbons, as depicted. The provitamin 
carotenes are distinguished from one another by the structures of the groups 
at the two ends of the chain. In /S-carotene both of these groups are 0-ionone; 
in a-carotene one is replaced by a-ionone. Vitamin A is not identical with the 
carotenes, Wt is Avrivei ixum Them ixy hyfrdiyTrit raptore xA The a’ujAuriic 
chain. Its structure is represented in I (59). The terminal ring of the vitamin 
has always the /?-ionone structure. It follows that it can be formed only from 
carotenes that contain this ring and that 0-carotene should yield twice as much 
as a-carotene does (64). Vitamin A and the carotenes are not only soluble in 
fats and certain fat solvents, but can also form esters with fatty acids. 

Sources and distribution in nature 

Carotenes can not be synthesized by animals, but are obtained by them 
from vegetable foods. Since they are insoluble in aqueous media, but readily 
607 
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soluble in fats, their absorption is linked with that of the lipids. In addition 
to the carotene which is converted to vitamin A a certain proportion is stored 
in the body, probably partly esterified with fatty acids. The chief repository 
for carotene is the liver (80); considerable quantities are also found in the 
adrenal cortex, the testes, the corpora lutea of the ovaries and the retina, with 
smaller amounts in subcutaneous fat (25). 

The conversion of carotene to vitamin A is a wasteful process, since the pre- 
formed vitamin is far more active than an equivalent amount of provitamin. 
It has been estimated that the minimum requirement of a large number of 
animals for vitamin A is about 4y per kilo, in contrast to 25 y of ^-carotene and 
50y of a-carotene (105). The conversion is probably effected chiefly in the 
liver, since animals* with severe liver injury appear to be unable to utilize caro- 
tenes with normal facility (40, 41). Large amounts of vitamin are stored in 
the liver (80). The capacity of animals to transform carotene to vitamin A is 
extremely variable. In the carnivores it is comparatively limited (102). 
Since they secure the vitamin in the preformed state in their food, they are not 
forced to form it from carotene. The livers of certain fishes are peculiarly 
rich in the vitamin and are the common commercial sources of this material. 
There is some doubt whether they produce the vitamin from carotene as mam- 
malian herbivores do, because they have no known available source of carotene 
and because their livers, though so rich in the vitamin, are practically devoid 
of the provitamin (79). 

Actions 

The exact nature of all the actions of vitamin A is not known. Animals 
with A deficiency suffer from keratinization of the mucous membranes of the 
respiratory, genital and urinary tracts (7). One of the striking lesions is xer- 
ophthalmia or keratinization of the cornea, which may lead to blindness. 
Atrophy of the gonads, resulting in sterility, is also seen (130). 

For one of the disorders which can be attributed to vitamin A deficiency, 
night blindness, a chemical explanation has been found which has, at the same 
time, elucidated some of the problems of visual perception. It has been estab- 
lished that the visual purple, rltodopsin, found in the rods of the retina, is com- 
posed of a carotenoid, retinene, combined with a protein (124). Under the 
influence of light the retinene is broken down to vitamin A and separated from 
its protein. In the dark rbodopsin is again resynthesized, partly from its 
degradation products, partly from vitamin A stores in the pigmented layers 
of the retina (48). (For further details of the chemistry and action of pro- 
vitamin carotenes and vitamin A the reader is referred to reviews by Rosenberg 
(105), Palmer (86), Bessey and Wolbach (7) and Hecht (49).) 

According to Monaghan and Schmitt (78) vitamin A and carotenes prevent 
Unoleic add from taking up oxygen. 
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Physiology and pathology 
Carotene and vitamin A oj blood 

The concentrations oj vitamin A and carotenes in normal serum. 1 The blood 
serum of normal adults, who are receiving well balanced diets, in the post- 
absorptive state contains from 20 to 60y per cent of vitamin A (62, 83). Caro- 
tenes of scrum have been reported to vary from 50 to 420y per cent under the 
same circumstances, averaging about 20Oy (62, 83, 98), 

The cjfeci oj carotene on serum carotene and vitamin A . Ordinary mixed meals 
have little or no effect upon the concentration of either vitamin A or carotene 
in serum (62). On the other hand, after the administration of large doses of 
carotene or large quantities of food rich in carotene, the concentration of caro- 
tene in the serum rises. Both the height and the duration of the elevation 
depend upon the quantity of carotene given and the state of the carotene stores 
in the subject to whom it is given; but the rise of serum carotene does not in- 
crease as rapidly as the dose. This diminishing return arises partly from the 
fact that a large proportion of llie material is lost in the feces (83, 85). As 
the carotene of serum rises the concentration of vitamin A also rises to describe 
a curve which parallels that of carotene (62, 83, 99). 

The serum carotene, after a large dose of carotene, reaches a- maximum only 
after a considerable interval and falls off again quite gradually. The average 
maximum point, about 60 per cent above the initial concentration, was not 
reached for 72 hours in a group of normal well nourished adults to whom Ralli, 
Brandaleonc and Mandelbaum (99) gave 600 mg. of carotene in oil After 
this the curves fell slowly but, on the average, had not returned to the original 
basal level even at the end of a week. A dose of 80 mg., given by Murrill et al 
(83) to 3 subjects who had subsisted for a week upon diets containing 7500 
international units of vitamin A per day (1 I. U. possesses the growth-pro- 
moting activity, in rats, of 0.6-y of /J-carotcne), caused a sharp preliminary 
rise of serum carotene that reached its peak within 6 hours, to rise again, after 
a temporary drop, to a still higher concentration at the end of 24 to 48 hours. 
The increase of vitamin A in these experiments was less durable, terminating 

1 Vitamin A is usually determined by the photometric measurement of the intensity of the 
blue color it produces w ith antimony trichloride when dissolved in chloroform, a reaction 
first described by Carr and Trice (14), which has l>een adapted to a variety of color-reading 
instruments Concentrations have been expressed in a great many terms. The commonest 
of these are related to the instruments used for measuring color: Lovibund units or L units, 
the latter referring to the readings of the Evelyn colorimeter (23). In foods and pharma- 
ceutical preparations the International Unit has been employed. Since vitamin A is a definite 
compound that can be isolated it is preferable always to express its concentration in gravimetric 
terms. Although carotenes are not altogether homogeneous both chemical and physiological 
purposes are best served if their concentrations are expressed in terms of equivalents of 0 -caro- 
tene, which relates them directly to their biological product, vitamin A. 
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in each case within 9 hours. It was also far smaller: whereas, even in the 
preliminary peak, carotene rose 30 to 40y per cent, vitamin A rose only 1 to 4y 
per cent. The experiments of Ralli et al (99) suggest that a second dose of 
carotene, given while the serum carotene is still elevated from the first, has less 
effect than the first dose on serum carotene. 

According to Wendt (129) if large amounts of carotene are given daily serum 
carotene, after rising to a peak, diminishes again to become stabilized within 
the upper limit of the normal range of variation. Ralli and her associates 
(100), however, found no evidence for any ceiling above which serum carotene 
could not be raised. The daily administration to 3 normal persons of 300 mg. 
of carotene in oil caused the serum carotene to rise in from 1 to 7 weeks to a 
relatively constant concentration of 250 to 300y per cent. When 1500 mg. 
were given daily to one subject his serum carotene rose steadily until it had 
reached 490y per cent at the end of the fifth week. At the end of 8 weeks it 
was still 375y per cent above its original concentration. 

The effect of preformed vitamin A on serum carotene and vitamin A. When 
preformed vitamin A is given its concentration in the serum rises sharply, 
usually within 3 hours. Wendt (129) was unable by continued dosage to main- 
tain its concentration above normal limits, although slight elevations followed 
single large doses and seemed to have a greater effect on persons who had been 
previously “saturated” by daily administration of excessive amounts of vita- 
min. Ralli, Bauman and Roberts (98) found that vitamin A rose far more after 
100,000 international units than after 20,000; but returned to normal in both 
instances within 24 hours. Even massive doses of vitamin A do not alter the 
concentration of carotene in serum; the reaction, carotene — * vitamin A, ap- 
pears to be irreversible. 

The effect of deprivation of carotene and vitamin A on their concentrations in 
serum. When carotene is withdrawn from a diet that contains no other source 
of vitamin A, serum carotene decreases quite rapidly, but at a continually 
diminishing rate; serum vitamin A remains relatively unchanged until carotene 
has fallen to a minimum. After 40 days on such diets the serum carotene of 
2 normal adults studied by Murrill et al (83) had fallen from 180 to 70y per 
cent and from 240 to SOy per cent respectively, but vitamin A had dropped 
only from about 32 to 27 and 29 to 24y per cent. 

Absorption of carotenes and vitamin A 

Since vitamin A and the carotenes are fat-soluble their absorption is governed 
by the principles that determine the absorption of lipids. Carotenes can not 
he absorbed from the intestines without a certain amount of fat, but their 
absorption is not facilitated by increasing dietary fat above a certain minimum 
(81), Disorders or diseases that interfere with the absorption of fat also pre- 
vent the absorption of the A provitamins (129). Preformed vitamin A is less 
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dependent upon fat for its absorption; it can be utilized by bile-fistula rats 
that can use carotene only if bile acids are given at the same time (40). Both 
carotene and vitamin A arc soluble not only in vegetable oils and animal fats, 
but also in mineral oil. The latter is, of course, incapable of absorption* 
Curtis (16, 17) has shown that mineral oil in large quantities may interfere 
with the absorption of carotene, but not of preformed vitamin A. Ordinary 
laxative doses of 30 cc. or less daily, given at bedtime, have little deleterious 
effect; but doses as small as 20 cc. given 3 times a day will cause vitamin de- 
pletion in humans (17). 

The utilization of carotenes and vitamin A 

Carotene is converted to vitamin A in the liver, where both the provitamins 
and the vitamin are stored, being held in solution by or combined with lipids. 
Thorbjamarson and Drummond (120) claim that the amounts of fat and of 
vitamin A in the livers of rats are directly correlated; but this was not verified 
by Horton, Murrill and Curtis (50). When vitamin A is withdrawn from the 
blood plasma to be utilized by the tissues it is replenished from the hepatic 
stores which, in turn, arc replaced by vitamins derived from exogenous or 
stored carotene. The vitamin A reserves appear to be maintained at the ex- 
pense of endogenous carotene so long as this is available (83). When rats 
were given diets lacking vitamin A and carotenes the concentrations of vitamin 
A in liver and serum diminished proportionally (50). Under these circum- 
stances, therefore, serum vitamin A is an excellent index of the quantity of 
vitamin A in the hepatic reserves. Small doses of vitamin A given to depleted 
animals, however, were used to sustain the concentration of vitamin A in the 
blood; they were not deposited in the liver. When the liver contains adequate 
amounts of vitamin A the parallelism between concentrations in serum and 
liver is also lost. In rats, according to Josephs (56), serum vitamin A reaches 
a maximum when the quantity in the liver surpasses a certain minimum. Ad- 
ministration of further vitamin has only a slight transitory effect upon the 
serum, although the stores in the liver can still be built up. 

Vitamin A and the liver. In obstructive jaundice the absorption of vitamin 
A and the carotenes may be reduced because, being soluble in fat, they are 
carried out in the feces with unabsorbed fat. Absorption of carotenes is more 
impaired than that of preformed vitamin A because the former are more spe- 
cifically dependent upon the assistance of bile-adds. After hepatic injury 
without jaundice the liver, which ordinarily serves as a repository for vitamin A, 

*This statement, although correct in the main, must be made with some reservations 
SteUen (115) recov ered small amounts of D, from the fatty adds of the carcasses and livers, 
as well as tn the body w ater, of rats that had been fed n-hexadecane with deuterium on carbons 
7, 8, 9 and 10. This paraffin, therefore, can not only be absorbed, but can also be converted 
to palmitic add and utilised. 
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contains less than the usual amounts of the vitamin (44, 45, 98). At the same 
time the concentration of vitamin A in the serum is reduced (44) and rises less 
after administration of a test dose of the vitamin (44, 90a, 98). Popper, 
Steigraann and Zevin (90a), therefore, attribute the low concentrations in 
serum to poor absorption rather than improper utilization. This was noted 
even in the absence of jaundice and was not improved by bile acids. The 
ability to utilize carotene for the formation of vitamin A, which appears to take 
place in the liver, is also impaired. Animals or patients with parenchymatous 
diseases of the liver require uncommonly large amounts of vitamin A to protect 
them against deficiency (43). 

Diabetes. The disturbances of vitamin A metabolism in diabetes were de- 
scribed in the chapter on Lipids. 

Miscellaneous diseases. Both vitamin A and carotene together with the 
total lipids in the serum diminish progressively in the course of pneumonia. 
During convalescence they rise again, sometimes for a period exceeding the 
normal (56a). Serum vitamin A and carotene are also somewhat reduced in 
rheumatic subjects (108a). 

Vitamin A deficiency 

Because of their large storage capacity for both carotenes and vitamin A 
animals can tolerate vitamin A deficiency for long periods without symptoms. 
It took 20 days for vitamin A to disappear from the serum of rats deprived 
of this vitamin by Josephs (56); another 8 days elapsed before signs of deficiency 
appeared. The 2 human subjects studied by Murrill and his associates (83) 
were quite well after 40 days of a deficient diet, although serum carotene was 
approaching the vanishing point. Wald, Brouha and Johnson (125) kept 5 
normal students for 6 months on a low vitamin A regime after 30 days on a 
high vitamin diet without producing any evidences of deficiency. The faculty 
for storage plus the ubiquity of carotenes in natural foods and their chemical 
stability account for the rarity of vitamin A deficiency of clinical proportions 
of purely dietary origin. Reports of widespread vitamin A deficiency, based 
chiefly on visual tests of a highly subjective nature made with instruments of 
doubtful reliability, must be regarded with skepticism. Direct chemical 
analyses of serum yield more accurate information if due consideration is given 
to the peculiar relations of serum vitamins to vitamin stores, described above. 

Carotenemia 

If large amounts of carotene are given to subjects afflicted with some disorder 
that interferes with the utilization of this material its concentration in serum 
and tissues may rise excessively, sometimes even imparting the appearance of 
icterus, except that the sclerae are not affected. Even normal persons, es- 
pecially children, have been known to develop this state of carotinemia after 



614 




C 



0-Tocopherol 7 -Tocopherol 



FAT-SOLUBLE VITAMINS 


615 


taking greatly excessive amounts of carrots or other carotene-rich vegetables 
for long periods. 

Vitamin A and serum lipids 

It has been claimed by numerous observers that large doses of vitamin A 
cause serum cholesterol to rise (65, 99, 129); but all these claims must be dis- 
counted because the vitamin was given in oil. Muller and Suzman (82) found 
no correlation between the amounts of vitamin A and cholesterol in the livers 
of patients at autopsy. Fasold (32) found that large doses of vitamin A did 
not alter the quantities of cholesterol in the bodies of rats. The reduction of 
phospholipids in the organs of animals that have been deprived of vitamin A is, 
as Monaghan (77) has pointed out, an indifferent mark of malnutrition, not 
specific for this vitamin. In dogs (101) and rats (112), when signs of vitamin 
deficiency appear, blood cholesterol rises. In rats it falls again in the terminal 
stages of the condition when malnutrition becomes extreme (56, 112). 

In rats, according to Light et al (65a) excessive doses of vitamin A, but 
not of carotene, produce hypoprothrombinemia. This can be prevented by 
provision of extra vitamin K. 


VITAMIN E 

In 1922 Evans and Bishop (29) reported that on certain diets rats were un- 
able to bring forth young, although they would breed, ovulate and conceive. 
The component lacking in the diet, vitamin E, has been identified with the 
tocopherols, a group of compounds which occur in plant oils and are par- 
ticularly plentiful in wheat-germ oil (30). Their structural formulae are repre- 
sented in II (33). All are characterized by a common chain which is shown 
in the structural formula of a-tocopherol, but differ in the configuration of their 
terminal ring structures. 

Actions 

In the female rat, the most characteristic effect of deficiency of vitamin E 
is the resorption of fetuses early in pregnancy (28). This action is completely 
reversible; that is, females that have failed to bring forth young in one or more 
pregnancies, if given vitamin E, can successfully complete subsequent preg- 
nancies. In the male, on the other hand, a similar deficiency causes atrophy 
of the testicles associated with degeneration of the germinal epithelium (27, 
30, 72). Although this can be prevented, after the changes have once set in 
they rapidly become irreversible (28). 

Deficiency of vitamin E also results in atrophy of the striated musculature 
and degenerative changes in the spinal cord (31). Houchin and Mat till (52) 
have reported that muscles from E-deficient rats contain less creatine and more 
chloride than normal muscles and consume more oxygen. The administration 
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of a-tocopherol rapidly reduced Ihe oxygen consumption, but the creatine was 
restored more slow ly. In t itro the suctinoxidasc activity of slices of dystrophic 
muscle was abnormally high and could be reduced by the addition of a- 
tocopherol phosphate (51). Kaunitz and Pappenhcimer (61) could discover no 
difference between the oxygen consumption of vitamin deficient rats or rat* 
muscle and normal rats or rat-muscle. They did, however, verify the fact 
that a-tocopherol lowered the oxygen consumption of E-deficient muscle 
in vitro. 

Some or all of these disturbances have been demonstrated in rats, mice, 
rabbits, guinea pigs and chicks; but vitamin E has not been proved essential 
for man or for a number of other mammals. Claims that the tocopherol are 
beneficial in muscular dystrophies of man (8, 118) have not been established 
(24, 34, 46, 83). 

Quackenbusb, Cox and Steen bock (92) were unable to rectify vitamin A 
deficiency of rats with carotene unless a-tocopherol was given at the same time. 
Pavcck and Skull (87) have found that by virtue of its antioxidant activity 
a-tocopherol prevents the inactivation of biotin by rancid fats and oils. 

The absorption of vitamin E is linked with that of lipids. 

For further information about vitamin E the reader is referred to reviews 
by Mattill (73) and Rosenberg (105). 

VITAMIN X 

Dam (18) in 1929 described in chicks raised on fat-free diets a hemorrhagic 
disease which, he subsequently showed, arose from a specific dietary deficiency 
(19). The essential clement, which Dam named vitamin K, to indicate “Ko- 
agulationsvitamin,” was found to be a general constituent of leafy vegetables 
and to be especially plentiful in alfalfa (4), from which it was isolated in 1931 
by McKee, Brinkley, MacCorquodale, Thayer and Doisy (76). At the same 
time another compound, equally active, with different physical characteristics, 
was recovered from putrified fish meal. The two were called respectively K» 
and Kj. Shortly after this the synthesis of vitamin K ( was reported in rapid 
succession by Doisy’s group (9, 71), Fieser (35) and Almquist and Klose (3). 
This was followed by elucidation of the constitution of vitamin K (10). 

Chemical nature and action 

The structure of the K vitamins is illustrated in III. Subsequent inves- 
tigations have disclosed that the chains of these compounds are not essential 
to their activity; tins depends only upon the 1 ,4-naphthoquinone group. The 
most potent members contain a methyl group in the 2-position (37), Vitamin 
K. substances appear to be essential to the formation of prothrombin in the 
liver (18). Deficiency of vitamin K, from inadequate intake or absorption, 
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gives rise to a hemorrhagic diathesis characterized by reduction of the quantity 
of prothrombin in the blood (18). 

Physiology and pathology 

Estimation of vitamin K deficiency. There is no practical method for the 
measurements of vitamins K in serum and if there were it would have a limited 
value. Since the sole function of these substances appears to be the formation 
of prothrombin it is of less importance to know whether there is a deficiency of 
vitamins K than whether there is an insufficiency of prothrombin. If the 
latter is known it is relatively easy to ascertain whether the deficit arises from 
inadequate supply or imperfect utilization of the vitamin. 

Methods for the measurement of prothrombin generally depend upon the 
principle of Quick (97). Blood -clotting involves roughly the following reac- 
tions: 

Thromboplastin + Ca + Prothrombin — + Thrombin 
Thrombin + Fibrinogen — > Fibrin 

In Quick’s method coagulation is prevented by precipitating the calcium with 
oxalate and the sources of prothrombin in the blood itself are removed by cen- 
trifugation. The plasma is then treated with an excess of calcium and a 
standard preparation of thromboplastin derived from some tissue. The 
concentration of prothrombin is estimated by the time required for dot- 
formation in the plasma under investigation as compared with normal plasma, 
and is expressed in terms of per cent of normal. Variations and simplifications 
have been proposed, but all depend upon the same prindple (89, 126). 

Human requirement for vitamin K. There is some doubt whether human 
beings, in contrast to fowl and certain animals, must derive vitamin K from 
exogenous sources. Kark and Lozner (57) reported low prothrombin in 4 pa- 
tients without obvious hepatic or biliary' disease who had subsisted on scanty 
diets containing minimal quantities of fruits and green vegetables. In all 4 
cases, however, there were serious complicating conditions which make it 
difficult to exclude disorders of absorption or utilization. Beyond this pro- 
thrombin deficiencies of ostensibly purely dietary origin are not to be found 
in the literature. 

Prothrombin deficiency in the neonatal period. The strongest argument 
against the exogenous derivation of vitamin K is found in studies of infants. 
It has been demonstrated repeatedly that the prothrombin in the plasma of a 
large proportion of infants falls during the first 48 hours after birthg gradually 
reverting to normal in the course of the next 5 to 8 days (22, 60, 63, 75, 91, 96, 
123). During this period infants have no evident source of vitamin K. It 
has been suggested that the prothrombin falls until they begin to take food 
and nourishment, when products of the newly established bacterial flora in the 
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intestines afford an endogenous supply of the vitamin (96). According to 
Pray, McKeovra and Pollard (91) the decline of serum prothrombin is greater 
and more prolonged in breast-fed than in bottle-fed infants. The deficiency 
can not arise from inability to form prothrombin from vitamin K, since it can 
be abolished by administration of the vitamin in suitable form (22, 91, 122). 
Nevertheless, if an animal or person is merely prevented from absorbing vita- 
min K, a serious deficiency develops only after the lapse of several weeks. 
Rapid reduction of plasma prothrombin is characteristic of conditions in which 
the production of prothrombin is impaired. At birth the concentration of 
prothrombin in the plasma of infants, though lower than that in the maternal 
blood, is usually within or just below the normal limits. Rush (106) found the 
average concentration of 70 per cent of normal in the plasma of blood obtained 
from the umbilical cord at birth. The most striking reduction occurs in 
the course of the first 24 or 48 hours of life (91, 96, 126). Infants at this 
period of life must, therefore, either consume vitamin K more rapidly than 
adults do or have less capacity to store it 

Plasma prothrombin in pregnancy. It has been suggested that the reduction 
of prothrombin in infants may be prevented by giving extra vitamin K to 
their mothers before delivery. In the early part of pregnancy, according to 
Javert and Macri (54), plasma prothrombin falls slightly, presumably as a 
result of the nutritive disturbance associated with vomiting. After about 
2 months it rises again to reach a concentration somewhat above normal at 
the end of 16 weeks. Another low point is reached at 28 weeks, after which 
the prothrombin rises steadily to term, when all observers agree that it is dis- 
tinctly above normal (54, 75, 106, 121). As compared with the normal male, 
Rush (106) found that the pregnant woman at term had 130 per cent of pro- 
thrombin in her plasma. Even without extra vitamin K., therefore, the preg- 
nant woman at delivery is richly provided with prothrombin; while the infant, 
judged by the same standards, has a deficiency at birth, its plasma prothrombin 
averaging only 70 per cent of that of the normal male (106). Moreover, there 
is no definite correlation between maternal and infantile prothrombin concen- 
trations at delivery (122). 

To evaluate the effects of prepartum administration of vitamin K is extremely 
difficult because of the great variability of infantile plasma prothrombin at 
birth and during the first days of life. There is general agreement that the 
maternal plasma prothrombin is not affected by even massive doses of vitamin 
K. Kove and Siegel (63) could discover no relation between the prothrombin 
of infants and the previous diets of their mothers. McCready, Callahan and 
Grandin (75) claim .that if vitamin K. is given either during labor or in the few 
preceding days, the plasma prothrombin of the infants is higher at birth and 
better sustained in the succeeding days. With this view Pray, McKeown and 
Pollard (91) agree. If treatment was stopped one wed: before delivery it was 
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ineffectual (75). Waddell and Guerry (122) noted no benefit from adminis- 
tration of the vitamin after labor had begun. 

The effects of neonatal prothrombin deficiency. Prothrombin deficiency often 
exists at birth and may develop in ulero (53). The serious consequence of the 
deficiency is a general hemorrhagic tendency which may prove fatal (22, 96, 
123). Prothrombin depletion has been identified as the cause of icterus gravis, 
anemia of the newborn and congenital hydrops (22). These conditions can be 
relieved or prevented, if they are discovered in time; but, since they may exist 
at birth, irreparable damage may have occurred before therapy can be insti- 
tuted. Treatment consists of the administration in assimilable form of large 
doses of vitamin K. Direct replacement of prothrombin by transfusions or 
intramuscular injection of blood may be used as a palliative measure, but has 
only a transitory effect (22, 38). Prothrombin appears to be rapidly expended; 
animals seem to have no capacity to store it. Hemorrhages arc unlikely to 
occur until the plasma prothrombin falls below 15 per cent of normal. There 
is, however, no critical level below which they appear, because trauma is such 
an important factor in precipitating them. 

Vitamin K deficiency in gastrointestinal disorders. Because natural products 
with vitamin K activity are soluble only in fats and lipid solvents a deficiency 
is likely to develop in any condition in which the absorption of lipids from 
the intestine is impaired (13, 117). Hemorrhagic manifestations associated 
with low plasma prothrombin have been reported in patients with steatorrhea 
from a variety of causes (1, 13). In these conditions relief can be secured by 
the administration of large doses of vitamin K. Ingestion of large quantities 
of mineral oil interferes with absorption of vitamin K as it does with absorption 
of other fat-soluble vitamins (26, 35). In pregnant women Javert and Macri 
(55) were able to reduce plasma prothrombin to distinctly subnormal concen- 
trations by administration of 15 to 30 cc. of mineral oil 3 times a day. Lock- 
hart, Sherman and Harris (66) have recently shown that the administration to 
rats of large quantities of dihydroxy-stearic acid as a substitute for natural 
fats produces a prothrombin deficiency thai ca~ only be overcome by provision 
of a large excess of vitamin K. 

Vitamin K deficiency in diseases of the liver and bile ducts 

The liver is intimately concerned with the metabolism of vitamin Tv and its 
provitamins, the naphthoquinones. Without bile acids the naturally occurring 
fat-soluble members of this group can not be absorbed. Indeed, if bile is di- 
verted from the intestine it is impossible to prevent vitamin K deficiency by 
administering these preparations by mouth unless bile salts are given at the 
same time (42, 47, 93). The efficacy of bile may depend upon the production 
of compounds of vitamin K with deoxy cholic add (15, 108). However, this 
is not an effect specific for deoxycholic acid, since dioctyl sodium sulfosucdnate, 
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another highly surface-active compound, has been reported to facilitate ab- 
sorption of the vitamin (69). Active water-soluble compounds have been 
produced which are absorbed without the aid of bile acids (109). Among 
compounds of this type are sodium salts of combinations of hydroquinones 
with dibasic or tribasic acids — e.g., the diphosphate of 2-methyl-l ,4-naphtho- 
hydroquinone. The hydrochloride salts of the aminonaphthols are also water 
soluble — e.g., 2-methyl-4-amino-l-naphthoi (70). 

Severe liver damage, even without biliary' obstruction, interferes with the 
metabolism of vitamin K. (108, 113). The elaboration of prothrombin with 
the aid of this essential factor appears to be conducted in the liver. If this 
organ is removed the prothrombin of the plasma falls and can not be restored 
by administration of vitamin K with bile salts (6). 

Biliary obstruction. If the common bile duct is obstructed or if the bile is 
diverted from the intestines of an animal its plasma prothrombin diminishes 
steadily and ultimately a hemorrhagic diathesis develops (15, 39). These 
disorders can be prevented or abolished by the administration of vitamin K in 
such a manner that it can be utilized. The deficiency arises from the fact that 
natural K vitamins are not absorbed without bile acids. Greaves (39) found 
that the prothrombin depletion of rats with bile-fistulae or ligated common 
ducts was not accelerated by K-deficient diets nor retarded by vitamin K con- 
centrates. If the animals were given bile with their regular diets plasma pro- 
thrombin did not fall; but bile did not protect them if they were given diets 
lacking vitamin K. Parenteral administration of vitamin K concentrates 
confers protection in the absence of bile. Water-soluble compounds with 
vitamin K activity which can be absorbed without the help of bile acids are 
effective when given by mouth without bile acids (110, 127). Among these 
are compounds of 2 methyl-1 ,4-naphthoquinone, which is from 2 to 3 times 
as potent as natural vitamin K. (119). These soluble compounds are also 
suitable for parenteral administration. 

In patients with purely obstructive jaundice plasma prothrombin gradually 
diminishes until, when the deficiency becomes extreme, a hemorrhagic condition 
supervenes (20, 68, 89, 90). This can be checked and plasma prothrombin 
can be restored by the oral administration of vitamin K. salts (89) or the oral 
or parenteral administration of soluble compounds with the properties of vita- 
min K (20, 68). Such treatment is highly advisable in preparation for opera- 
tive procedures, to prevent operative or postoperative hemorrhages. Opera- 
tions for the relief of obstruction are usually followed by a 20 to 40 per cent 
fall of plasma prothrombin (116), presumably because the liver is traumatized 
in the course of the operation. Lord (67) showed that in the dog massage 
of the liver, involving no more trauma than the organ was likely to suffer in 
the course of an operation upon the gall bladder or bile ducts, was followed by a 
distinct, temporary decrease of plasma prothrombin. 
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Destruction of liver parenchyma also causes plasma prothrombin to fall; but, 
in this case, if the injury is sufficiently serious the deficiency can not be rectified 
by administration of K vitamins in any form by any route (5, 90, 107). The 
defect in these conditions lies in the inability to elaborate prothrombin. After 
total removal of the liver plasma prothrombin falls in the short space of 6 
hours to concentrations so low that hemorrhages may occur (6, 128). This is in, 
striking contrast to the slow deterioration observed when only absorption of 
vitamin K. is prevented. Under the latter circumstances many weeks are 
required to produce severe prothrombin deficiency. A similar unresponsive 
depletion can be induced by poisoning with chloroform (12, 94, 126), carbon 
tetrachloride (11) or phosphorus (126). 

If biliary obstruction is associated with hepatitis the plasma prothrombin 
responds imperfectly or not at all to vitamin K (68, 90). The same is true in 
severe primary hepatitis, toxic or infectious (11, 90) and in advanced cirrhosis 
or other diseases in whidi the parenchyma of the liver is diffusely injured or 
destroyed (68, 90, 107). In these conditions, il hemorrhages appear, vitamin 
K is of little benefit (68, 90, 97). Transfusions of blood offer the only rapid 
relief and these have a transitory effect (103, 116). According to Rhoads (103) 
massive doses of vitamin K are seldom efficacious when ordinary doses fail, 
though they may prolong the beneficial action of transfusions. Lasting benefit 
can come only from healing and regeneration of the liver, which should be 
promoted by dietary measures (103): large amounts of protein and carbo- 
hydrate with restricted fat. Lord and Andrus’ (68) have suggested that in 
cases of jaundice the degree of parenchymatous liver damage be estimated 
by the reaction of plasma prothrombin to administration of vitamin K. If the 
jaundice is purely obstructive plasma prothrombin should rise 15 per cent or 
more within 48 to 72 hours after the intramuscular injection of 2 mg. of 2- 
methyl-1 ,4-naphthoquinone. 

If transfusions are used to combat prothrombin deficiency fresh blood is 
preferable to “banked” blood. The prothrombin gradually diminishes in 
blood which is stored, even if this is preserved with the utmost care (95, 1M, 
131). 

Vitamin K. is of no value in the treatment of hemorrhagic conditions or ane- 
mias that are not specifically due to a deficiency of prothrombin which arises 
from inadequate supply or utilization of the K vitamins. Among the anemic 
and hemorrhagic conditions in which prothrombin is normal are: thrombo 
cytopenia (13, 20, 107), hemophilia (13, 20, 97, 107), toxic purpura (13), 
aplastic anemia (13, 20), acute leukemia (107) and uncomplicated hemolytic 
icterus (13). The plasma prothrombin of dogs is unaffected by hemorrhage, 
plasmapheresis, inflammations and infections, or by injections of peptone or 
heparin (126). 

It has been demonstrated repeatedly that massive doses of K vitamins have 
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no deleterious effects and do not cause prothrombin to rise above normal b'mits 
(13, 21, 75, 103). 

For further information about the chemistry and action of vitamin K the 
reader is referred to reviews by Fieser (36), Abnquist (2), MacCorquodale (70) 
and Warner (111). 
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Chapter. VIII 

THE NET METABOLISM OF PROTEIN 

NOXPRQTETN NITROGEN AND NITROGEN METABOLISM 

Of the three major foodstuffs carbohydrate and fat contain only carbon, 
hydrogen and oxygen and are oxidized to carbon dioxide and water. Proteins 
contain, in addition to these elements, nitrogen and usually sulfur. In certain 
specialized proteins, phosphorus, iron, iodine, copper and other inorganic 
elements are found. Occasionally, as in thyroglobulin, these elements are 
incorporated in the bodies of the ammo acids. More often, as in hemoglobin 
or nucleoproteins, they properly belong to other organic compounds which 
become attached to proteins. By this combination the protein and the at- 
tached compound mutually contribute to one another highly specialized bio- 
logical properties. Proteins are aggregates of amino acids. They vary in 
size and shape and in the nature and arrangement of the amino acids of which 
they are composed. Details of their structure and properties are discussed at 
length in subsequent chapters. In this chapter attention will be devoted to 
their net or overall metabolism. 

Although proteins are not the only nitrogen-containing compounds in the 
food, tissues and body fluids, they so far outweigh in quantity all Che others, 
that the exchange of nitrogen between animals and their environment under 
ordinary conditions of life may be used as a measure of the protein metabolism. 
The nonprotein nitrogenous compounds in the ingesta are small in proportion 
to the proteins. In addition, a certain proportion of them, amino acids, poly- 
peptides, etc., are treated like protein in the metabolic processes. In the body 
fluids the nonprotein nitrogen is composed chiefly of intermediary or end 
products of protein metabolism or ingested nitrogen-containing material that 
can not be utilized. Certain micro-organisms are able to utilize atmospheric 
nitrogen for the synthesis of organic compounds, and plants can synthesize 
proteins from nitrogen obtained from inorganic salts or extremely simple 
organic compounds*, but animals can not avail themselves of atmospheric 
nitrogen or the nitrogen of nitrites or nitrates and can use the nitrogen of urea 
to a limited extent only. An exception must be made to the identifleation of 
protein with nitrogen metabolism, therefore, if the diet contains considerable 
quantities of such organic compounds. Nitrites and nitrates are of less im- 
portance not only because they occur in negligible quantities in foods, but also 
because the nitrogen which they do contain is not measured by the Kjeldahl 
procedures usually employed for the analysis of foods, body fluids, tissues and 
excreta. The relative unimportance of nitrogenous products other than pro- 
tein in the net metabolism of protein is best exemplified by the accuracy with 
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which the net metabolism of protein can be estimated from the measurement 
of the nitrogen of ingesta and excreta. 

From the analyses of large numbers of protein foods it has been found that 
ever>* gram of nitrogen is equivalent on the average to about 6.25 grams of 
protein; or 100 grams of protein contains 16 grams of nitrogen. Although 
individual proteins may depart from this average, the deviations are small 
enough to be neglected in the measurement of protein metabolism, at least 
unless all the protein in the diet consists of a single highly exceptional protein. 
Similarly the average respiratory quotient of protein is 0.80 (for the derivation 
of the R.Q. of protein, see chapter on Energy Metabolism, p. 7. 

Tire NATURE OP NONPROTEIN NITROGEN 
Definition 

By nonprotcin nitrogen, n p.n., is meant the nitrogen of blood, tissues, urine 
or excreta which is not precipitated by the usual protein-precipitating reagents. 
It is a heterogeneous mixture of compounds, including urea, ammonia, amino 
acids, creatine and Creatinine, besides other nitrogenous substances which are 
usually spoken of as undetermined nitrogen. 

These compounds, being all of relatively small molecular size, are, for the 
most part, readily diffusible. They represent intermediary products of protein 
metabolism in process of transportation, or end products of metabolism en 
route to excretion. As such, knowledge of their concentrations in the blood 
and body fluids and the quantities excreted serve as criteria of the state of 
protein metabolism and as measures of the rate of protein metabolism. 

Urea. The various components have not all the same significance. The 
most plentiful, both in the body fluids and in the excreta, urea, is the most 
Completely oxidized nitrogenous product of protein metabolism and the one 
that is most properly termed an end product, suited only for excretion. It is 
this compound which varies most both in blood and urine with the utilization 
of protein and which is the most significant index of the rate of destruction of 
protein. For this reason it is urea with which this chapter will be particularly 
concerned Urea is strictly the product of the deamination of the amino acids 
of which protein is composed. 

The amino acids derived from protein are all a-amino acids and are repre- 
sented by the formula: 
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sented by R, attached to the fourth valence of the asymmetric carbon atom, 
differs in each amino acid, conferring upon it the characteristics which make it 
distinctive and contribute to it its individual functional significance. 

Proteins are composed of amino acids linked together by the condensation 
of carboxyl and amine groups of a number of amino acids in the following 
manner: 
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Protein 

In the process of metabolism, by a hydrolytic reversal of this process, the 
amino adds are split off. By the addition of another molecule of water the 
amine group is then removed as ammonia. 

NH, OH 

I I 

R — C — COOH + H,0 - R— C— COOH + NH, 

Amino Acid Hydroxy Acid 

The ammonia thus derived may be used for a variety of purposes, including 
the formation of new amino acids or nitrogenous compounds. The surplus, 
not required for these purposes, combines with ornithine or dicarboxylic amino 
acids to form the amide groups of arginine, glutamine and asparagine. These 
compounds, by the action of appropriate enzymes in the liver and kidneys, 
yield urea and ammonia which are excreted in the urine. The chemical reac- 
tions involved in these transformations wiff be discussed in detail in subsequent 
chapters. 

Ammonia has been generally regarded as another waste product, destined 
to be excreted as such or after conversion to urea. Recent investigations have 
revealed that it participates actively in the formation of nitrogenous com- 
pounds in the body. In the urine it is merely an end product w hich is sub- 
stituted for inorganic bases when there is a demand for the elimination of 
excessive amounts of acid. Because of its extreme chemical reactivity, its con- 
centration in the blood and body fluids is negligible. Furthermore, it is an 
extremely toxic substance and consequently can not accumulate in living tissues 
without diastrous results. 
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Creatine appears in low concentration in the blood. Presumably it is being 
conveyed to the tissues or has escaped from them. 

Creatinine and uric acid may be regarded as end products of creatine and 
purine metabolism, respectively, which have not been so completely oxidized 
as urea. Their concentrations and the amounts of both excreted arc quite 
constant in comparison with urea. Like creatine, they arc discussed at length 
in special chapters below. 

Amino acids are hydrolytic products of protein cleavage, presumably in 
transit for purposes of synthesis or deamination. Their appearance in the 
urine is Liken to represent merely inevitable leakage through the glomeruli. 
Little is known, however, of the mode of excretion of these substances. It is 
not unlikely that individual amino acids vary greatly in this respect. 

The undetermined nitrogen consists of polypeptides and oilier aggregations 
of amino acids (155, 206, 356, 389), glutathione (37, 375), and probably purine 
and pyrimidine compounds. Adenine nucleotide, now identified as adenosine 
triphosphate was discovered in the blood by Jackson (203). Nitrogen-contain- 
ing compounds of this class include chiefly members of enzyme systems. 

Nitrates and nitrites. It has been stated above that these inorganic nitrog- 
enous compounds are so negligible in animals that the Kjcldahl technique, 
usually employed for the study of nitrogen metabolism, does not include them. 
Hewitt and Hurt (185) claim that, in the urine of children who have received 
only milk, especially when they are suffering from gastrointestinal disorders, 
nitrates can be found. Whelan (414) was able to recover in the urine only 50 
per cent of ingested nitrate, although nitrates are absorbed with ease (214). 
Stieglitz and Palmer (385) report that normal blood may contain up to 2 mg. 
per cent of nitrite, which disappears rapidly when the blood is allowed to stand. 
Both nitrite and nitrate, if they exist in the body or its excretions, are probably 
derived from outside sources. There appears to be no valid reason on the 
basis of these findings to modify the general concepts or practises of physiology 
and medicine. Until it has been proved that nitrates or nitrites are products 
of or participate in metabolic processes they may continue to be heglectcd. 

The concentration and distribution of nonprolein nitrogen in the fluids and tissues 
of the body 

The concentration of the total nonprotein nitrogen in the blood of normal indi- 
viduals in the post-absorptive state varies, usually from 25 to 40 mg. per 100 cc. 
(39, 126, 238, 432). Occasionally as much as 45 mg. may be found in the 
blood of subjects without pathologic conditions who have eaten heavily of 
protein (39). In persons who have subsisted on diets containing moderate 
amounts of protein, for example patients living on the customary hospital diets, 
values greater than 35 mg. per cent are seldom observed (318). 
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The nitrogen partition in the blood of normal individuals and the distribution 
of the various nitrogenous constituents between cells and serum are presented in 
table 24. It is at once evident that urea is quantitatively the most important 
component and is, as one would expect from its ready solubility and diffusi- 
bility, quite evenly distributed between cells and plasma. The amino acids 
which make up the next largest fraction of nitrogen appear in greater concen- 
tration in the cells. Creatine, a relatively important constituent of the cells, 
is found in extremely low concentration in the plasma. The distribution of 

TABLE 24 

The Partition of Nonprotein Nitrogen in the Blood of Normal Individuals and the 
Distribution or tiee Various Nitrocenous Constit ue nts Between 
the Cells and Plasma 
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Total nonprotein nitrogen (19) 

55 

38 

44 

30 

18 

25 

39 

28 

32 

Urea nitrogen 

13 

8 

10 

17 ! 

10 

12 

is 1 

9 

12 

Non-urea nitrogen 

45 

25 

33 

18 

6 

12 

26 

16 

20 

Amino acid nitrogen (170a) 

9 6 

6 5 

7 4 

5.0 

3.4 

4 4 

6 8 

4.6 

5.6 

Uric acid (57) 

* 

* 

* 

7 0 

1 5 

4-4.5 


* 

* 

Creatinine (.286) 

1.0 

0 5 

0.7 

1.2 

0 6 

1.0 




fCreatine— adult males 




0 6 

0.2 

0 4 




adult females 



l 

0 9 

0 4 

0.6 




Glutathione N (37) 

10-51 

9.5j 

10 0 ! 

0 

0 

0 

4 8 1 

4.4 

4.6 

Nucleotide N (56)1 

i6 : 

10 1 

13 

0 

0 

0 

7.4 

4 4 

5.8 


* There is no practical analytical procedure for the measurement of unc acid in whole 
blood. 

t Values for cells from two subjects by specific enzymatic method from Allmson (lla); 
values for scrum from Tierney and Peters (402). 

t Probably chiefly from adenosine triphosphate 

uric acid can not he stated with certainty because the analytical methods 
available are not applicable to whole blood or blood cells. Undetermined 
nitrogen, which makes up about one-third of the total nonprotein nitrogen 
of the blood, is largely confined to the cells (39, 432). This distribution has 
considerable physiological significance because the excretion of solutes by the 
kidney must needs be determined, not by the contents of the whole blood, but 
by the concentrations of these solutes in the plasma. Materials which are 
confined to the cells are not directly available for excretion by the kidneys. 

The concentration of non protein nitrogen in lymph and transudates. Arnold 
and Mendel (15) found the concentration of nonprotein nitrogen in the lymph 
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of the dog approximately the same as that of the blood scrum, both before and 
after exclusion of the kidneys, an indication that the serum nonprotein nitrogen 
is composed of readily diffusible substances. Denis and Minot (96) and Loeb, 
Atehley and Palmer (246) showed that the nonprotein nitrogen of transudates 
was approximately the same as that of the blood. Cajori, Croutcr and Pem- 
berton (63) found from 22 to 43 mg. per 100 cc. in synovial fluid. Spinal fluid, 
on the other hand, may contain, according to Myers and Fine (303) and others 
(228, 239, 429), distinctly Jess nonprotcin nitrogen than blood does. Part 
of this difference is due to the almost complete absence of uric acid from spinal 
fluid (303), but this would not explain the large differences sometimes observed. 
Unfortunately the comparisons have been made between spinal fluid and whole 
blood. It is likely, from what is known of the nature and origin of the cerebro- 
spinal fluid, that if senim were used for comparison instead, smaller differences 
would be found. 

The concentration of nonprotcin nitrogen in tissues. Becker (32), Madsen 
(261) and Rohonyi and Lax (cited by Lax (231)) demonstrated greater con- 
centrations of total nonprotcin nitrogen in muscles and other tissues than in the 
blood. Madsen found the largest amounts in muscular tissue; somewhat 
smaller amounts in liver, kidney, pancreas and spleen; still less in brain, small 
intestines, skin, lungs and uterus; and least of all in body fat. This nitrogen, 
which he called "extractive nitrogen,” he believed represented products of 
catabolism or anabolism of materials important to the cellular economy, re- 
tained in the cells by forces other than simple diffusion. When the nonprotein 
nitrogen of the blood rose in nephritis Madsen found that the pathologic 
accumulation of nitrogen became generally and equally distributed between 
blood and tissues, while the "extractive nitrogen” remained unchanged. 
Consequently, although the nonprotein nitrogen appeared to become more 
evenly distributed, as Lax (231) had claimed, in point of fact the arithmetical 
difference between concentrations in tissue and blood remained practically 
unaltered. The excess of nonprotein nitrogen in the tissues over that in the 
blood is probably made up chiefly of amino adds, creatine, nudeotides, gluta- 
thione and other substances which act as intermediaries or parts of the enzyme 
systems engaged in the metabolic processes of the cells. Gad Andresen (144) 
found that the urea per gram of fresh substance in tissues and blood was the 
same. 

The significance of the chief nonprotein nitrogenous constituents (urea, am- 
monia, amino acids, uric acid, creatine and creatinine) will be discussed in 
detail in subsequent sections and chapters. A change of blood nonprotein 
nitrogen could be produced, theoretically, by factors which altered the concen- 
tration of any one of these constituents. Actually, considerable changes of 
nonprotcin nitrogen are usually due to alterations of the concentration of urea. 
There is so little amino acid in terms of nitrogen and it is so little affected by 
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most physiological and pathological conditions that it has comparatively little 
influence. The amount of uric acid nitrogen in blood is so small that even 
considerable fluctuations have little effect on total nonprotein nitrogen. The 
same is true of creatine and creatinine. Moreover, the latter increases only 
in the terminal stages of nephritis, when urea and undetermined nitrogen are 
also high. Therefore, the concentration of nonprotein nitrogen in the blood is 
determined predominantly by factors that affect the concentration of urea; 
only to a minor degree by factors which influence the other constituents. In 
nephritis and diseases which cause urea nitrogen to rise, undetermined nitrogen 
often rises, but usually less than urea nitrogen does. 

The chief determinants of the concentration of nonprotein nitrogen in the blood. 
The concentration of the nonprotein nitrogen of the blood is chiefly deter- 
mined by the balance between the rate of protein catabolism and the urinary 
output of nitrogen. There is, of course, a certain amount of nitrogen excreted 
in feces and in sweat. The fecal nitrogen is not, however, catabolic nitrogen 
in the same sense as is the urinary nitrogen. Sweat contains a certain amount 
of urea and nonprotein nitrogen and, when sweating becomes profuse, the 
cutaneous excretion of nitrogen may be far from negligible. However, the 
kidney is the chief channel for nitrogen excretion and it is doubtful whether 
its function in this respect can be assumed or considerably aided by either 
bowels or skin. 

The determinants of the rate of nitrogen catabolism will be discussed at 
length below. The relations of blood nonprotein nitrogen and urine volume 
to nitrogen excretion will be considered in detail in connection with urea. The 
excretion of nitrogen in the urine varies greatly with the concentration of non- 
protein nitrogen in the blood. The volume of urine is not without effect upon 
nitrogen excretion. The power of the kidney to concentrate nitrogenous 
metabolites in the urine is limited (267). If the fluid in the body available for 
urine formation is small in comparison with the waste nitrogen requiring 
elimination, the concentration of nonprotein nitrogen in the blood will rise. 
If, as happens in certain types of nephritis, the concentrating powers of the 
kidney become impaired, more than the usual volume of urine will be required 
for the excretion of a given amount of nitrogen with a given concentration of 
nonprotein nitrogen in the blood. Diuresis, up to a certain limit, will tend 
to sweep nitrogen out of the body, lowering the blood nonprotein nitrogen 
(266). The limit beyond which, even in nephritis, diuresis no longer increases 
urea excretion, seems to be about 3 liters of urine a day (296). 

The nonprotein nitrogen of the blood can not, therefore, be employed as a criterion 
of renal function unless the rate of nitrogen catabolism and the urine tolume are 
taken into consideration. Failure to consider these factors has led to numerous 
false deductions. 
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The digestion, absorption and assimilation of protein 

The digestion and absorption of protein. It is highly improbable that more 
than minute amounts of whole protein are absorbed from the gastrointestinal 
tract. Banks (26), after administering egg albumin to animals, could not 
demonstrate the presence of the foreign protein in the lacteals by sensitive 
immune reactions. It is, however, likely that minute amounts gain access 
to the bloodstream unchanged with considerable frequency, if not regularly. 
This affords the only explanation for the general allergic reactions experienced 
by certain individuals after the ingestion of proteins to which they are sensitive. 
Ratner and Gruehl (33S) found that 50 per cent of a series of guinea pigs could 
be sensitized by oral administration of cow’s milk; 25 per cent of a series, sensi- 
tized by intra peritoneal injections of the same antigen, developed anaphylactic 
shock when they were given milk by mouth. Wilson and Walzer (429) in- 
jected intracutancously, into infants who had never received egg, scrum from 
patients who were sensitive to egg-white. Upon the ingestion of egg-white, 
thereafter, a large proportion of the infants developed wheals at the sites of 
injection. Bames and Bueno (27) produced anaphylactic symptoms by in- 
troducing thyroglobulin into the guts of guinea pigs which had been sensitized 
to this protein. Alexander, Shirley and Allen (10), after feeding egg-white 
to dogs, detected it by precipitin reaction in the thoracic duct lymph, but not 
in the portal blood. It seems probable, therefore, that if protein is ingested 
in a soluble, uncoagulated form, small amounts may be absorbed without 
previous digestion. At the most, the amounts of protein absorbed in this 
manner must be quite insignificant compared with the quantities that undergo 
preliminary digestion. 

On the other hand, the classical view that all proteins, before absorption, 
are broken down by hydrolytic digestion to their component amino acids, 
requires some modification. According to this theory proteins are partially 
hydrolyzed by the pepsin of gastric juice, working in an acid medium, to the 
stage of proteoses. These proteoses and the remaining undigested proteins 
as well as larger split products of protein, which escape peptic digestion, are 
further broken down in the small intestine to their constituent amino acids 
by pancreatic trypsin and the proteolytic ferments of the succus entericus. 
Beazetl (31) has questioned anew the importance of gastric digestion of protein. 
He found m the stomachs of normal adults, 1 to 2 hours after meals containing 
carbohydrate and protein, little nitrogenous material that was soluble in tung- 
stic acid. The exclusion of pancreatic juice from the intestine impairs the 
digestion of protein and the absorption of nitrogen, but does not abolish either 
(171, 263, 370). Pancreatic trypsin is, therefore, not altogether indispensable. 
Maltby (263) found that almost all the nitrogen in the stools of a depancreatized 
dog appeared as whole protein. He also found that the amount of nitrogen 
absorbed by this, dog corresponded closely with the proportion of protein 
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digested in the stomach by pepsin. He concluded, therefore, that the pro- 
teolytic enzymes of the intestinal juice can digest only protein that has been 
partially hydrolyzed by peptic digestion. 

In general it can be inferred from these experiments that pancreatic trypsin 
is requisite for efficient digestion of protein and its absorption; but nothing 
can be deduced from these concerning the state in which the nitrogenous com- 
pounds are withdrawn from the intestinal lumen. This subject has been 
investigated by London and Kotchneva (247) by studies of dogs provided 
with fistulae at various levels of the digestive tract and with canulae in various 
vessels. They found some amino acids as high up as the duodenum ; but higher 
polypeptides persisted throughout the length of the small intestine and could 
be detected in the portal bloodstream. Evidence of a different kind has been 
secured through biological experiments with special types of protein. Thy- 
roxine, although highly potent when given intravenously, has no appreciable 
effect when it is administered by mouth (401). This is generally ascribed to 
the insolubility of this product in acid or neutral media. It has a detectable 
potency, according to Thompson and his associates (400) when given in an 
alkaline medium. Dried thyroid or its potent protein, thyroglobulin, is highly 
active when given by mouth (283). However, if it is completely digested 
into its component amino acids, it is quite as inactive as thyroxine, which is 
one of the constituents formed (352). When thyroglobulin is fed to myxedema 
patients, not only the thyroxine, but also some of the otherwise inert diiodo- 
tyrosine, seems to have a calorigenic effect. Finally, Salter and Pearson (353) 
have produced an apparently active thyroid hormone by iodizing serum pro- 
teins (see also chapter on Total Metabolism, p. 52). Even if this last product 
could be absorbed unchanged, it is inconceivable that thyroglobulin with its 
enormous molecular size (mol. wt. 700,000) could traverse the intestinal mu- 
cosa. Presumably thyroglobulin is digested into complexes in which the 
iodinized amino acids are so linked that their activity is retained; and it is these 
complexes, not the amino acids of which they are composed, which are absorbed. 
A similar phenomenon has been reported by McKhann, Green, Eckles and 
Davies (280). They discovered that for the immunization of children against 
measles by the oral administration of placental proteins, the proteins of great 
molecular size were the most active. The products of hydrolysis of these 
proteins, however, were quite ineffective. It would seem to follow from this 
that functionally important polypeptides from proteins remain intact through- 
out the processes of digestion and absorption and may be utilized for the 
formation of proteins similar to those from which they were derived, without 
losing their identity in the course of the synthesis. This is, however, not a 
general rule, perhaps because the activity of some proteins depends upon their 
complete structural integrity. Insulin and certain other protein hormones 
that are ineffective when given by mouth belong in this class. 
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Assimilation of nitrogen. The products of the digestion of protein, having 
been absorbed into the bloodstream, may be deaminated in the liver and oxi- 
dized by the tissues or may be utilized for the synthesis of protein or the forma- 
tion of a variety of useful nitrogenous products such as purines, peptides, 
creatine, etc. Nutrition can be maintained so successfully by means of amino 
acids that there can be no doubt that they can serve as sources for the synthesis 
of body proteins and other nitrogenous products. It is probable that some 
peptides circulate and function in the same manner. 

That plasma proteins can also be used for the formation of tissues appears 
to have been established by Whipple and his associates (93, 191, 326). Hol- 
man, Mahoney and Whipple (191) found that dogs subsisting on a nitrogen-free 
high calory diet could be kept in nitrogen equilibrium by the administration 
of dog serum, either by mouth or intravenously, a Large part of the injected 
nitrogen being retained. Only homologous scrum can be utilized in this man- 
ner by the dog. When Pommercnke, Slavin, Kariher and Whipple (326) 
injected horse serum, they recovered the extra nitrogen in the urine. These 
and other similar experiments, which will be discussed at greater length in the 
chapter on Plasma Proteins, leave no doubt that these particular proteins can 
be utilized more or less directly by the tissues. 

Since, when a normally nourished animal is receiving a diet containing 
adequate or more than adequate amounts of protein and calories, the excretion 
oi nitrogen equals the intake, it is generally assumed that the protein is broken 
down into amino acids and that the latter are, for the most part, deaminized 
by the liver and oxidized at once. Changes in the amino adds and urea of 
blood after the ingestion of protein lend support to this theory. It has been 
recognized that a certain proportion of the ingested amino acids may be utilized 
to replace amino adds which have been destroyed in the continuous wear and 
tear of endogenous metabolism. In animals which have been depleted of 
protein, moreover, large quantities may be used for the formation of new pro- 
tein to replace that which was previously wasted. Recently it has become 
more and more apparent that all the tissues of the body, even those as seem- 
ingly inert as bone and fat, are in a continuous state of flux. Borsook and 
Keighley (47) have challenged Folin's sharp division between endogenous and 
exogenous nitrogen metabolism. They have adduced certain indirect evidence 
that there is a “continuing’' metabolism of nitrogen in animals; by this they 
mean that anabolic and catabolic processes are continually proceeding and 
that exogenous protein is utilized quite as much as endogenous in the anabolic 
phases. They estimate that, when an animal is in nitrogen equilibrium, as 
much as 50 per cent of the nitrogen excreted may be derived from endogenous 
sources, while an equal amount of exogenous nitrogen is retained to replace it. 
It is more or less implicit in Folin’s theojy that proteins in the body are com- 
paratively stable structural units that suffer a gradual process of attrition. 
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necessitating the replacement of those that are worn out; but, that they are, 
on the whole, remote from the rushing stream of catabolism in which the exog- 
enous nitrogenous compounds are involved. Schoenheimer (360), however, 
by feeding animals nitrogenous compounds containing deuterium and heavy 
nitrogen, has demonstrated that there is a continuous exchange between endog- 
enous and'exogenous nitrogenous materials, that extends even to the inter- 
polation of amino adds into pre-existing proteins. 

Nitrogen balances, then, may serve for the overall accounting of protein 
metabolism; but it is improper to identify the items of income with the items 
of expenditure. 

Nitrogen excretion 

The nature of fecal nitrogen. In calculations of nitrogen metabolism the 
nitrogen of the feces is often estimated as one-tenth of the total nitrogen in- 
gested. Such a method of estimation implies that stool nitrogen is related to 
food nitrogen and probably represents nitrogenous waste products which have 
passed through the bowel unabsorbed. Such an assumption is not in keeping 
with the facts. Mitchell (287), Martin and Robison (268), Smith (373) and 
others have found that the amount of fecal nitrogen diminishes little when a 
protein-free diet is administered. It may also remain relatively constant in 
spite of considerable variations of dietaiy protein (356), although it may in- 
crease slightly when large quantities of protein are taken (128). Something, 
of course, depends on the nature of the protein. Some vegetable proteins are 
less completely digested and absorbed than animal proteins (245, 290). Fecal 
nitrogen is not ordinarily related directly to the amounts or proportions of fat 
and carbohydrate in the diet (288). It is distinctly related to the bulk of the 
stools, being increased by the presence in, or addition to, food of nonnitrogenous 
indigestible matter (2S4, 287, 417). Mitchell (287), from data in the literature 
and his own experiments, estimated that the “metabolic fecal nitrogen” — i.e., 
the nitrogen excreted in the feces of a subject receiving a nitrogen-free diet — 
is directly related to the weight of the food ingested. He calculated that 
in animals varying in size from the rat to man the metabolic fecal nitrogen 
amounted to 0.2 gram for every 100 grams of food eaten. In addition, another 
fraction could be recognized which w-as constant for a given animal and inde- 
pendent of the diet. This must evidently be considered as a purely excretory 
product. Schneider (359) has verified these principles in the rat and the pig. 
The purely excretory fraction in these animals proved to be related to surface 
area, amounting to a little over 200 mg. per square meter of body surface. 
The variable fraction was directly correlated with the weight of the dried 
matter in the diet. In human subjects there was no evidence of a constant 
fraction. This is in keeping n ith the experiences of Benedict (36) and others 
with fasting subjects. In starvation fecal excretion in humans is negligibly 
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small. Schneider found that 5 normal adult males on low protein diets, vary- 
ing greatly in calories and bulk, secreted in the feces an average of 1 gram of 
nitrogen for each 143 grams of dry matter in the food. 

If neither the weight of the diet nor the weight of the dry matter it contains 
are known, it is more correct to use a constant figure for the fecal nitrogen of a 
normal adult person than to estimate it as a fixed proportion of the nitrogen 
intake, provided the diet does not contain an excess of indigestible material. 
The fecal nitrogen of a normal adult on ordinary' diets usually amounts to from 
1 to 2 grams daily, averaging about 1.3 grams (317). For accurate studies of 
nitrogen metabolism, however, analysis of stools is essential. 

The fecal nitrogen may be considerably increased in severe diarrheas, es- 
pecially when there is a deficiency of the proteolytic digestive ferments. In 
this case the nitrogen in the stools docs represent unabsorbed protein or prod- 
ucts of imperfect digestion of protein. Other pathologic conditions have little 
effect on the nitrogen excreted by the bowel. In nephritis, even with high 
blood nonprotein nitrogen, the stool nitrogen remains normal unless diarrhea 
develops (298, 318), although Williams and Vick (424) claim that the non- 
protein nitrogen of the feces rises with that of the blood. There is other 
evidence that the concentration of urea is the same in the intestinal contents 
as it is in the blood. This, how ever, w ill not contribute greatly to the nitrogen 
of stools. If the concentration of nonprotein nitrogen per unit of water is the 
same in blood plasma and feces, a plasma nonprotein nitrogen of 200 mg. per 
cent, which is extremely elevated, would entail a loss of only 1 gram of nitrogen 
in bowel movements containing 500 cc. of water. 

The excretion of nonprotein nitrogen in siccat. In temperate climates, an 
average adult, leading the usual life, probably loses 0.3 gram of nitrogen or less 
in the sweat daily (161, 356). If sweating is increased by the influence of tem- 
perature or drugs, the loss of nitrogen increases accordingly (28, 49, 86, 161). 
Bost and Borgstrom (49) found that in the summer in New Orleans, where 
climatic conditions are conducive to profuse perspiration, the cutaneous ex- 
cretion of nitrogen might become as great as 0.9 gram daily. Graham and 
Poulton (161) found that 0.5 to 0.8 gram might escape through the skin during 
exposure for from two to four hours in a steam bath. Bost and Borgstrom (49) 
could discover no relation between the amounts of nitrogen in sweat and in 
food; but Cuthbertson and Guthrie (86) have demonstrated such a relation. 
In their experiments temperature exerted a much more pronounced effect than 
diet. Barney (28) compared the concentration of nonprotein nitrogen in sweat 
induced by pilocarpine injections with that in the blood. In 1 7 normal subjects 
the nonprotein nitrogen of the sweat varied from 27 to 64 mg. and that of the 
blood from 25 to 41 mg. per 100 cc. The concentration was, therefore, about 
one-third greater in sweat than in blood. The total nitrogen excreted was 
estimated as from 51 to 249 mg. per hour. 
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Ordinarily, in temperate climates, then, the amount of nitrogen lost through 
perspiration is negligibly small. It may increase greatly if sweating becomes 
profuse under thermal or other stimulants, and to a lesser extent if the nitrogen 
of the diet is augmented or if the blood nonprotein nitrogen rises. There is, 
however, no evidence that the sweat glands serve as important channels for the 
elimination of nitrogen. The concentration of nonprotein nitrogen in its 
passage through the skin, indicated by Barney’s experiments, is extremely 
slight; indeed it may have resulted only from failure to prevent evaporation 
during the collection of sweat. If the small amounts of nitrogen excreted 
by the skin are compared with the large quantities of water eliminated in 
profuse sweats, it is evident that as an organ for the excretion of nitrogen the 
skin is far less efficient than even a seriously injured kidney. 

Barney (28) found that about two-thirds of the nonprotein nitrogen of sweat 
appeared as urea. According to Graham and Poulton (161), about 80 per cent 
consists of urea + ammonia. 

Loss oj nitrogen in other excreta. Nitrogen may be lost by other channels. 
Kestner (218) estimates that from 1.5 to 3.3 grams may be lost in the menstrual 
flow. Much of this may be in the form of protein rather than nonprotein 
nitrogen; nevertheless it affects the nitrogen metabolism and nitrogen equi- 
librium. Vomitus may contain considerable nitrogen from undigested food, 
or smaller amounts of protein and nonprotein nitrogen derived from the gastric 
secretions. Martin (269) found in gastric juice a mean nonprotein nitrogen 
concentration of 25 mg. per 100 cc., about the same as that of blood plasma. 
Instead of consisting chiefly of urea, however, the largest fraction was composed 
of ammonia. 

The partition of nonprotein nitrogen in the urine. Under ordinary conditions 
of life, with an adequate and not excessive amount of protein in the diet, a 
normal adult excretes daily an amount of nitrogen equivalent to that ingested 
during the same period. The fraction excreted by the kidneys is all non- 
protein nitrogen, because normal urine contains no significant amount of 
protein. As the quantity of fecal nitrogen is relatively constant regardless of 
ordinary variations of diet, and the loss by the skin and other extrarenal chan- 
nels is usually small and also comparatively independent of the diet, the 
urinary nitrogen may be used as a measure of nitrogen catabolism and also 
of the amount of nitrogen eaten. 

Fluctuations in protein catabolism and environmental conditions do not 
affect the level of all the nitrogenous metabolites in blood and urine to an equal 
extent. Urinary creatinine of a given individual remains constant under the 
most varied conditions, its daily excretion depending, apparently, upon the 
weight of active muscle tissue of the individual (see chapter on Creatinine). 
Uric acid varies little with the total protein ingested or catabolized, but with 
the character of the food and other factors that will be discussed in the chapter 



PROTEIN METABOLISM 


644 

on Purines. Amino acid excretion is not independent of the protein intake; 
but is relatively constant. Hie fraction, urea nitrogen + ammonia nitrogen, 
representing, as it does, the chief end products of protein catabolism, exhibits 
the greatest fluctuations with protein intake. 

Folin (123, 124, 125), in his classic papers on the variations of normal nitrogen 
metabolism, showed that when the protein catabolism was greatly diminished 
by feeding a low-protein, high calory diet, the resultant decrease of nitrogen 
excretion affected almost entirely the ammonia + urea fraction of nitrogen 
in the urine, while the output of other nitrogenous compounds diminished' 
TABLE 25 
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relatively little. Table 25 illustrates the changes of nitrogen excretion and 
urinary nitrogen partition of a normal individual when protein is almost entirely 
removed from his diet. It can be seen that as the urinary nitrogen falls, the 
urea -+■ ammonia fraction diminishes most strikingly. The undetermined -F 
amino acid nitrogen decreases somewhat. Uric acid and creatinine, on the 
other hand, are relatively little affected. Consequently, urea + ammonia, 
which usuaLly makes up 80 per cent or more of the total nitrogen, at the end 
of the experiment forms only 30 per cent; while undetermined -f amino acid 
nitrogen and creatinine + uric acid nitrogen have risen from 6 to 27 and from 
7 to 41 per cent, respectively. 

By comparing table 25 with table 24 it will be seen that the nitrogen partition 
of the urine resembles that of plasma more nearly than it does that of whole 
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blood, especially in the small amount of undetermined nitrogen that it contains. 
'This is to be expected since the urinary constituents are derived from the 
plasma. It may also be noted that the relative proportions of the individual 
components in urine and plasma differ greatly, proving that they are concen- 
trated to various degrees by the kidney. (It must be recognized that in table 25 
all constituents are given in terms of the nitrogen they contain, 'whereas in 
table 24 creatine, creatinine and uric acid are given in terms of the total weight 
of the substances.) Creatinine is concentrated more than any other solute, 
urea very considerably; amino acids, which rank as the second most important 
component In serum, even when they are combined with undetermined nitrogen 
are relegated to an insignificant position in the urine. 

Diurnal variations of blood nonprotcin nitrogen and of nitrogen excretion. 
Shortly after a meal containing protein the nonprotein nitrogen of both blood 
and urine usually increases (24, 278, 315) because of the delivery to the blood 
of extra amounts of amino acids and urea, the products of protein digestion 
and catabolism respectively. The increase in the blood is sometimes pre- 
vented by diuresis, which may so accelerate the excretion of urea that the non- 
protein nitrogen actually falls. This is more likely to occur after a meal con- 
taining much fluid. When the effect of diuresis does not intervene, the blood 
nonprotein nitrogen usually reaches a maximum within 3 to 4 hours after the 
meal, subsequently falling again to the original post absorptive level. The 
rate of urinary nitrogen excretion tends to follow the changes of blood non- 
protein nitrogen (315), while the degree and duration of the changes in both 
blood and urine tend to be proportional to the quantities of protein fed (278). 

Because of the contrary effects of protein catabolism and diuresis it is im- 
possible to predict the course of the diurnal variations of the blood nonprotein 
nitrogen. Sometimes, presumably because of nocturnal oliguria, the blood 
urea (and probably, therefore, the nonprotein nitrogen) may be highest in the 
morning before breakfast (295). Forsgren and Schnell (129) find that when 
the diet for the day is divided into three equal meals, nitrogen excretion reaches 
a maximum after the mid-day meal and falls to a minimum at midnight. 

Not only the height to which the blood nonprotein nitrogen rises, but also 
the basic or post-absorptive level, are influenced by the amount of protein 
in the diet. If this is large the daily nonprotein nitrogen curves will be main- 
tained at a higher level than they will if the individual is subsisting on a low 
protein diet. 

Larson and Chaikoff (229) have recently shown that if glucose is adminis- 
tered to dogs with, or immediately before, a protein meal, the excretion of the 
nitrogen derived from the ingested protein is delayed. Apparently the carbo- 
hydrate either retards digestion and absorption or delays the catabolism of the 
protein. The glucose seemed to be effective only if given within 4 hours of the 
meal and was less effective when it was given after, than when it was given with 
or just before the meal. 
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Because the urinary nitrogen fluctuates with meals, less is usually excreted 
during the fasting hours of the night than during the day. If the excretory 
powers of the kidneys arc impaired, however, the normal differences between 
the day and night rates of nitrogen excretion may diminish or disappear. In 
subjects with advanced renal disease the ability to excrete the nitrogen produced 
during the higher diurnal catabolism is limited by the renal incapacity, and the 
nitrogen which accumulates in the body during the day is swept out during the 
night at a continuous rate and in relatively uniform concentration (298). 

Nitrogen metabolism and nitrogen equilibrium 

A n individual is said to be in nitrogen equilibrium when the daily loss oj nitrogen 
from his body equals the nitrogen content oj his diet. The loss is the sum of the 
nitrogen that leaves the body in the urine, feces, milk, sweat, expectoration, 
vomitus, skin scales, hair, etc. Practically only urine and feces need ordinarily 
be considered. In many metabolism experiments the urine alone is analyzed. 
In this case it is usually assumed that equilibrium has been attained when 
urinary nitrogen equals 0.9 X food nitrogen, on the theory that about one-tenth 
of the nitrogen fed is lost in the stools. For reasons detailed above it is proba- 
bly more nearly correct to assume that about 1.3 grams of nitrogen is excreted 
daily in the feces of the normal adult. For accurate metabolism experiments 
separate analyses of the feces are essential. If the nitrogen exaction exceeds 
the intake, the nitrogen balance is said to be negative; vice vasa, a person is said 
to be in positiie nitrogen balance when intake exceeds excretion; nitrogen is then 
said to be retained in the body. 

The interpretation of positive and negative nitrogen balances. The presence 
of a positive nitrogen balance is usually interpreted as an indication that an 
individual is retaining nitrogen for the formation of protein; a negative balance 
as evidence of tissue destruction. Such interpretations are only justified if 
it is known that the nonprotein nitrogen of the blood and tissues has not under- 
gone important change. If it is assumed that 70 per cent of the body is com- 
posed of water and the nonprotein nitrogen that represents products of catabo- 
lism is equally distributed throughout this water, a drop of blood nonprotein 
nitrogen of SO mg. per 100 cc. of water in a 70 kilogram subject will contribute 
to the urine 0.7 X 70 X 0.5 = 24.5 grams of nitrogen over and above the 
amount catabolized. Such a quantity of nitrogen would be of importance in 
the calculation of a metabolism experiment and changes of blood nonprotein 
nitrogen of this magnitude can occur within 24 hours when increased tissue 
destruction and impairment of renal function coincide. Serum is to be pre- 
ferred to blood for analyses intended to estimate the metabolic value of changes 
of nonprotcin nitrogen in the body, because increments and decrements in 
plasma or serum, for reasons mentioned above, afford a better criterion of the 
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diffusible nitrogen in the body and of those compounds that are particularly 
affected by variations of renal function. 

Nitrogen equilibrium in normal persons on unlimited diets. It has already 
been mentioned that, under ordinary conditions of life with an adequate 
amount of protein in the diet, a normal adult excretes daily an amount of ni- 
trogen equal to that ingested during the same period. If the amount of protein 
in the diet is increased suddenly, decreasing portions of the extra nitrogen are 
retained for several successive days; but at the end of that time equilibrium 
is again reached. A part of the retained nitrogen apparently goes to form 
body protein. A smaller part, however, is likely to be held in the body as non- 
protein nitrogen. The increased excretion of nitrogen necessitated by the 
greater intake can be effected, other things being equal, only if the blood non- 
protein nitrogen is maintained at a higher level. If the protein in the food is 
diminished, but still remains adequate for the needs of the individual, a negative 
balance will ensue for a few days, when equilibrium will again be established. 
To ascertain the effects of a given diet it is, therefore, necessary to measure 
the nitrogen excretion for some days after the diet has been instituted, until it 
has become constant. The body appears to hate little capacity for the storage of 
surplus nitrogen as protein. In normal adults on unlimited diets containing 
enough protein for the needs of the body, the nitrogen catabolism and urine 
nitrogen vary directly with the amount of nitrogen in the diet. There is a 
detectable tendency for the blood nonprotein nitrogen to rise or fall with the 
rate of nitrogen catabolism. 

The quantity of protein required by an individual depends on environmental 
factors and also on the composition of the nonprotein portions of the diet. In 
order that a person may maintain nitrogen equilibrium on the smallest possible 
amount of protein it is essential that sufficient carbohydrate and fat be available 
to meet his caloric requirements. 

The effect of carbohydrate and fat in preventing nitrogen loss on low protein 
diets is usually spoken of as a “protein-sparing action.” The carbohydrate 
and fat can not in any true sense take the place of protein in the bodily econ- 
omy, because they contain no nitrogen. Protein must always be used for the 
provision of certain materials essential for the conduct of the vital processes. 
In addition, however, the deaminated residues of protein can be used to form 
carbohydrate. If the supply of carbohydrate becomes inadequate, protein is 
called upon to furnish the carbohydrate that is essential for the continuation 
of metabolic processes. If the exogenous supply and the endogenous reserve 
of fat are also inadequate, protein is forced to furnish the major part of the 
energy. Therefore, fat spares protein by preventing its consumption for 
energy production; carbohydrate spares protein by relieving it of the necessity 
of providing carbohydrate. 
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Nitrogen metabolism in total starvation. The effect of total starvation on the 
nitrogen metabolism of normal adults is illustrated in tables 26 and 27, the 
data for which have been taken from Benedict’s (36) study of a normal adult 
male who fasted 31 days, and Gamble, Ross and Tisdall’s (149) study of a child 
who was starved for 15 days. In each case, as the fast progressed, nitrogen 
excretion steadily diminished, and in neither instance did it reach a constant 


TABLE 26 

Benedict’s Fasting Man (36) 
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level during the course of the experiments. There is, however, an evident 
tendency for the decrement of nitrogen catabolism to diminish in each suc- 
cessive period, as if it were approaching a minimum. In animal experiments 
such a minimum has been obtained. This is succeeded after an interval by a 
sudden rise of nitrogen excretion that is followed shortly by death (396). The 
premortal rise apparently occurs when the fat reserves are exhausted and the 
body is forced to fall back upon combustion of tissue protein for its energy. 
Chambers, Chandler and Barker (70) found that with the terminal rise of ni- 
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trogen excretion the respiratory quotient changed from about 0.73, indicating 
the combustion of chiefly fat, to about 0.81, the R.Q. of protein. Analyses by 
Addis, Poo and Lew (4) of rats which had been starved 7 days show that the 
liver suffers the greatest relative depletion, losing 40 per cent of its protein; 
muscle, skin and skeleton yield 8 per cent each and brain only 5 per cent. 
Nevertheless, because of their great mass, muscle, skin and skeleton together 
contribute almost two-thirds of the protein that is sacrificed. Indeed, these 
authors (S) have also shown that a fast of two days reduces the liver protein 
by some 20 per cent «hile only 4 per cent of the protein of the body is lost. 
It would appear that the only significant reserves of protein that are available 
for rapid utilization during periods of protein deprivation are to be found in 
the liver. 


TABLE 28 


Calculated no u Data of Bekzdjct’s Fasiixc Man (36) (See also Table 26) 
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Benedict has calculated the total daily energy expenditure of his subject 
throughout the fast. The daily calories, which are given in the next to last 
column of table 26, also diminish throughout the fast and at such a rate that 
the per cent of calories derived from protein remains almost constant (see last 
column of table). This indicates that the metabolic mixture burned by the 
fasting subject, at least after the fast has been prolonged for a certain length of 
time, becomes quite constant. Gamble, Ross and Tisdall (149), detecting a 
similar tendency in the fasting children they studied, suggested that it was a 
fortunate provision against ketosis. Greater knowledge of the nature and 
causes of ketosis have compelled a revision of this explanation . In total starva- 
tion, as soon as the reserve of glycogen in the liver has been exhausted, an 
animal is forced to derive all its fuel and intermediary’ products of metabolism 
from protein and fat. Although, under these circumstances, especially in 
obese subjects, the combustion of a maximum amount of fat would result in the 
greatest preservation of the more essential proteins of the tissues, fat can not 
provide carbohydrate, a certain amount of which appears to be indispensable. 
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It is pointed out in the chapter on Carbohydrate that in starvation combustion 
of sugar is greatly retarded, but does not cease. This minimum expenditure 
of carbohydrate acts as a continual drain on protein, which is proportioned to 
the total energy expenditure. Even in obese people this minimum of carbo- 
hydrate can not be replaced by fat. In the initial days of the fast of Benedict's 
subject in table 28, the protein catabolism rises to a maximum quite suddenly 
on the third day of starvation, the last day on which any considerable amount 
of preformed carbohydrate is burned. Up to this point protein had only its 
own obligations to discharge; after this it assumed, in addition, the responsi- 
bilities of carbohydrate. If the first two days were excluded from the calcula- 
tions in table 26 the decline of nitrogen catabolism during the experimental 
period would appear more continuous. The inclusion of these two days makes 
the figures for the first week lower than those for the second. There is no such 
lag in Gamble’s study in table 27, probably because, as Talbot, Shaw and 
Moriarty (392) have shown, children exhaust their glycogen stores and develop 
signs and symptoms of ketosis more rapidly than adults do. 

It Is possible also that protein is called upon for other purposes when carbo- 
hydrate is not available. When carbohydrate is withdrawn from the diet or 
when the ability to utilize carbohydrate is abrogated, the production of ketone 
acids from fat invariably becomes accelerated and at the same time the destruc- 
tion of protein, as evidenced by urinary nitrogen, increases, as if ketosis and 
protein catabolism were inseparably linked (see chapters on Carbohydrate and 
on Lipids and the discussions of insulin and diabetes below). Becker (33) 
studied the effects on himself of a diet consisting entirely of fat and protein, 
with adequate calories. When the protein of the diet, which served as a source 
of exogenous carbohydrate, was greatly reduced, the already existing ketosis 
increased, serum bicarbonate fell and a large negative nitrogen balance de- 
veloped. These disturbances gradually diminished as the experiment was 
continued, but increased again when extra fat was given. On diets containing 
almost no preformed carbohydrate, McQuarrie (281), in order to secure nitrogen 
equilibrium, was forced to give 2 grams or more of protein per kilogram per day 
to children who require as little as 1.1 grams on ordinary mixed diets (313). 
Strang, McClugage and Evans (386), in the treatment of obesity, observed 
no nitrogen wastage with diets containing as little as 0.4 gram protein per kilo 
and 2400 Calories. When the calories were reduced, however, to 330 with 14 
grams of carbohydrate, negative nitrogen balances ensued. The addition of 
20 grams of carbohydrate, equivalent to only 84 Calories a day, restored equi- 
librium. This illustrates again that carbohydrate does not spare protein 
merely by relieving it of the burden of supplying fuel. For this purpose fat 
can be used equally well, whether it is derived from the food or from the fat 
depots. But fat can not spate protein to a maximum extent unless a modicum 
of carbohydrate is provided, presumably to serve some other function than the 
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supply of fuel for the body as a whole. Among these may be the provision 
of an adequate supply of carbohydrate to the central nervous system which 
can subsist on no other material. 

That starvation does not lead to a minimum protein metabolism is proven 
by the sudden drop of nitrogen excretion in the three day periods immediately 
succeeding the fasts in both tables 26 and 27, when the fasts were broken by 
feeding carbohydrate. When the provision of exogenous carbohydrate ob- 
viated the need of supplying glycogen from protein, the nitrogen output fell 
50 per cent. 

The change of the individual nitrogenous constituents of the urine during 
starvation will be described in the chapters or sections dealing with these 
particular subjects. Creatinine diminishes only slightly Small amounts of 
creatine appear. Uric acid falls. The major changes in the nitrogen excretion 
are due to alterations of urea and ammonia. The latter rises owing to the 
ketone acidosis which develops. In the first few days of starvation, when urea 
excretion definitely increases, there is a slight rise of blood nonprotein nitrogen, 
referable chiefly to an increase of the concentration of urea (24, 237, 297). 
The elevated nonprotein nitrogen continues throughout the fast, although the 
urinary nitrogen gradually falls. Data are not sufficiently complete to warrant 
a decision as to the cause of the increase of blood non-protein nitrogen. It may 
result from accelerated nitrogen catabolism or impaired excretion or both. 
When the fast is interrupted, both nitrogen excretion and blood nonprotein 
nitrogen drop rapidly below the pre-fasting level, where they remain for a few 
days (297). If excretory function is impaired during starvation, therefore, 
the disability must be merely functional in character. 

Minimum nitrogen catabolism. The lowest possible excretion of nitrogen 
can be obtained if protein is entirely withdrawn from the diet and enough 
carbohydrate and fat is given to provide a large excess of calories. By these 
means the urinary nitrogen can be reduced to a minimum as low as 0.025 to 
0.04 grams per kilo of body weight per day, the equivalent of 0.16 to 0.25 gram 
of protein per kilo per day (98, 226, 230, 268, 342, 373). The fecal nitrogen 
under these circumstances may not be appreciably diminished, amounting to a 
gram in 24 hours, a large proportion of the total excretion. This brings the 
total nitrogen loss to about 0.05 grams per kilo per day, or 0.25 to 0.35 gram 
of protein per kilo per day (268, 373). It is this minimum nitrogen excretion 
to which Folin applied the term endogenous nitrogen metabolism on the assump- 
tion that it represented the inevitable wear and tear imposed on the structural 
elements in the body. According to his concept the endogenous metabolism 
was a process with which the exogenous metabolism merged only to provide 
materials to replace the endogenous wear and tear. In reality, since exogenous 
and endogenous materials are freely and continuously interchanged, it repre- 
sents only the irreducible metabolism of protein when all conservative factors 
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have been enlisted to protect it, when it is performing no functions which the 
other foodstuffs can assume. To obtain such minima Krauss (226) claims that 
the caloric value of the food given must be at least twice as great as the basic 
caloric requirements of the subject. In practice most observers have employed 
amounts of carbohydrate and fat that supply an even greater excess of calories. 
If less calories are given the minimum nitrogen expenditure attained will vary 
inversely as the number of calories fed. 

The urine nitrogen docs not reach a minimum immediately after protein is 
removed from the diet, but sinks quite gradually over a period of several days 
(1S6, 226, 268, 373). In Smith’s (373) experiment, which is abstracted in 
table 25, the nitrogen excretion reached a minimum on the last or twenty- 
fourth day, and might have fallen still lower if the experiment had been pro- 
longed. A minor part of the extra loss in the early days must come from pre- 
formed nonprotein nitrogen which is swept out of the blood and tissues. In 
the first 14 days of Smith’s study the blood nonprotcin nitrogen fell from 27 to 
17 mg. per 100 cc. After that it fell more slowly, reaching the low value of 
13 mg. per 100 cc. on the morning of the twenty-third day. The difference 
between the urinary nitrogen of the early and late days of this and other similar 
experiments is, however, too great to be attributed to the loss of preformed 
nonprotein nitrogen alone. Protein catabolism itself appears to diminish 
as the experiment progresses, as if each successive decrement of protein was 
relinquished by the organism more reluctantly than the last. 

It is believed by many that the protein of the body can be divided into two 
categories: tissue proteins proper, which form intimate structural units of the 
functioning cells; and deposit protein, which is merely held in the cells or tissue 
fluids without forming an integral part of the cellular structure. The function 
of deposit protein is believed to be analogous to that of glycogen. According 
to this view it is deposit protein that is easily parted from the body by protein 
starvation and which makes up the excess nitrogen recovered in the urine in the 
early days of minimum nitrogen experiments, total starvation, etc. Wilson 
would divide the protein into three categories: "circulating,” "intermediate” 
and “body” protein. The evidence for these differentiations is of two kinds: 
first, that the rate of nitrogen wastage diminishes as protein starvation pro- 
ceeds, second, fhat relatively little sulfur is sacrificed with the first nitrogen 
that is lost (Cathcart and Green, cited by Lusk (254), Wilson (426)). There is, 
however, no sharp break in the rate of nitrogen excretion in starvation or after 
the dietary protein is reduced. Borsook and Keighley (47) have estimated 
that w hen an animal is changed from a high to a low protein diet, the logarithms 
of the successive decrements of urinary nitrogen form a straight line, suggesting 
a reaction of the first order. Seegers (364) has made a similar observation. 
A fraction of the first nitrogen lost, moreover, is presumably derived from the 
preformed nonprotein nitrogen of the body, chiefly urea, which contains no 
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sulfur. In addition the organism may exercise particular economy in the 
expenditure of some amino acids, including those that contain sulfur. The 
course of nitrogen excretion in protein starvation appears to be only an example 
of the general tendency of physiological mechanisms to offer progressively 
greater resistance to the distorting effects of increasing strains. If there are 
stores of nan-structural protein characterized by low content ol sulfur, they 
must be quite small since, in protein starvation, the ratio of nitrogen to sulfur 
in the excreta approaches that of body protein after a comparatively brief 
interval. 

Whipple’s experiments on the regeneration of serum proteins and hemoglobin 
are also cited as evidence for the existence of deposit protein. Whipple and 
his associates found that a normally nourished dog replaced with great rapidity 
hemoglobin (343) or plasma proteins (190) when these had been removed from 
the blood. Nitrogen was also sacrificed when the dogs incurred infections 
(260) or were given sterile abscesses by injections of turpentine (92). If, 
however, dogs had been depleted of protein by repeated removal of plasma 
protein or hemoglobin over a long period, regeneration of these components 
was further retarded and the loss of nitrogen after injections or sterile abscesses 
was greatly reduced. Again it is not necessary to postulate two kinds ol pro- 
tein to explain these phenomena. There is no sharp break in Weech's (410) 
curves of depletion of either serum protein or hemoglobin to indicate that the 
resistance to wastage represents anything more than an illustration of the law of 
diminishing returns that characterizes most biological processes of this nature. 

Tissues vary in the readiness with which they give up their protein. The 
data of Addis, Poo and Lew (4, 5) cited above, indicate that the liver reacts 
most generously in this respect. Berg (38) by microscopic techniques was 
able to distinguish in liver cells of well-fed animals drops of protein matter 
that stained with methyl green pyronine, which disappeared when animals 
were starved, but were quickly restored when either protein or a complete 
mixture of amino acids was administered. This has been verified by Li (243). 
Luck (253), on the other hand, was unable by chemical methods to differentiate 
deposit protein from other proteins of the liver. Be identified in liver 1 albu- 
min and 3 globulins, all of which increased proportionally when large amounts 
of protein were given. Luck estimated that rats given high protein diets had 
120 per cent more protein in their livers and 10 per cent more in their muscles 
than rats which received low protein diets. 

The reduction of nitrogen excretion that follows reduction of protein intake 
is, as might be expected, confined chiefly to urea and ammonia (230,^342, 373), 
although undetermined + amino acid nitrogen also diminishes. The actual 
protein metabolism of the cells, involving interchanges of amino adds, can 
evidently be carried on with little waste of nitrogen, while a constant amount 
is required for the production of the compounds required in the intermediary 
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metabolic processes, such as creatine and the purines, from which creatinine 
and uric acid. are presumably derived. Smith (373), indeed, calculated that 
the urea and ammonia which appeared in the urine in the last days of his ex- 
periment could have originated almost entirely from the amino acids that were 
deaminated to provide materials for the manufacture of the creatine and creati- 
nine found in the urine. The urea excreted under these extreme conditions may, 
therefore, be regarded as merely the waste product of the reactions involved 
in the formation of indispensable compounds, of which creatine and purines 
are examples. 

The amount of protein which must be ingested in order that nitrogen equi- 
librium may be established depends upon a number of factors. Under favor- 
able conditions most observers agree that from 0.5 to 0.7 gram of protein per 
Ulo of body weight is necessary (369). Mitchell (288) sets the figure as low 
as 0.3 gram. Smuts (374) believes that nitrogen minima are more logically 
related to the total caloric expenditures than to the weights or sizes of animals. 
He has estimated that in a variety of animals the endogenous nitrogen me- 
tabolism amounts to about 2 mg. of N per Calory of basal metabolism. These 
may be considered the minimum subsistence requirements. If less protein is 
given the tissue proteins are called upon to make up the difference. Although, 
if wastage of tissue protein is moderate, it may continue for a long time without 
giving rise to serious symptoms, ultimately it is deleterious to health. 

In order to maintain nitrogen equilibrium at a minimum level, certain factors 
besides the quantity of nitrogenous material in the diet must be considered. 
Enough fat and carbohydrate must be given to meet the daily caloric require- 
ments of the individual. The nitrogen in the diet must consist of protein in a 
readily assimilable form and containing a mixture of amino acids that fulfils 
the needs oi the subject. It is customary to calculate the protein of foods 
from the nitrogen they contain by the formula, N X 6.25 = protein. The 
factor, 6.25, represents the amount of protein in average animal protein which 
contains one gram of nitrogen. The assumption, implicit in this usage, that 
all the nitrogen of foodstuffs is in protein of a uniform composition is not en- 
tirely justified, but probably introduces no error when it is applied to mixed 
diets. All the nitrogen in foods does not, of course, exist in the form of protein. 
According to Kestner (218) 15 to 20 per cent of the nitrogen in common foods 
is nonprotein nitrogen. In milk, Denis and Minot (97) found about the same 
concentration of nonprotein nitrogen that is found in blood. Cattle feeds (164) 
and certain vegetables used for human food contain even larger proportions 
of nonprotein nitrogen. The food value of this nonprotein fraction of nitrogen 
can not be estimated. Mitchell (287) believes that less error is introduced by 
considering it of equal value with protein than by discarding it because it con- 
sists largely of amino adds and other assimilable and useful deavage products 
of protein. It is, however, proper to assume that the actual protein require- 
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meats of an individual are somewhat smaller than those calculated from the 
nitrogen in diets. 

The nitrogen of certain foods can not be readily assimilated. These foods 
can not be employed, therefore, if minimum nitrogen equilibrium is desired. 
Hindhede (186), for example, found that if varying quantities of potatoes were 
given, fecal nitrogen remained constant, an indication that the proteins of 
potato were completely absorbed. If, on the other hand, rhubarb, strawberries 
or onions were added to the diet, large amounts of nitrogen were lost in the 
feces. Although the roughage contributed by the rhubarb, strawberries and 
onions have been partly responsible for the waste, Hindhede believes the 
nitrogen in these foods was also poorly assimilated because of its peculiar 
character. 

Some proteins are deficient in amino acids which are known to be essential 
for maintenance and growth (see chapter on Amino Acids). If the diet con- 
tains large amounts of such proteins it is impossible to reduce nitrogen metabo- 
lism to a low rate (312). Holt and associates were unable to establish nitrogen 
equilibrium in normal subjects with diets deficient in either tryptophane (192) 
or lysine (6). Gelat'n, for example, which is deficient in cystine, tryptophane 
and tyrosine, is an inefficient protein (268). Such a protein can not be used 
alone to secure minimum nitrogen equilibrium. If no essential amino acids 
are entirely lacking, but some are present in less than optimum proportions, 
life can be sustained by feeding sufficiently large amounts of the protein to 
provide the necessary quantity of the limiting amino acids (287, 325). Such 
a protein is not inadequate, but it is inefficient. Its deficiency may be com- 
pensated by the simultaneous administration of other protein foods. Thus, 
while Martin and Robison (268) found it necessary to give as much as 0.15 
gram of nitrogen or 0.80 gram of protein per kilo of body weight as wheat 
flour to secure nitrogen equilibrium, Sherman (369) found that cereal proteins 
were quite as efficient as meat proteins if a small amount of milk was given 
at the same time. 1 Hoaglund and Snider (187) found that most of the animal 
proteins commonly employed for human food, including milk and milk powders, 
have approximately equal nutritive values and are highly efficient protein foods. 
The nitrogen in many vegetables can not be so economically used. It is rather 
generally asserted that, if low protein diets are given, one-half to two-thirds 
of the nitrogen should consist of animal protein. 

Krohn and Bonvolff (227) claim that the addition to low protein or protein 
free diets of /-cystine spares nitrogen. Maksimova (262) makes similar claims 

‘Jackson, Sommer and Rose (207) claim th3t tie deficiencies of gelatin can not be made 
up by the substitution of the lacking amino acids, even if the gelatin is given in hjdrolyzed 
form. Moreover, they found that substitution of gelatin for part of the carbohydrate In an 
adequate diet containing protein in the form of casein, checked the grow th of rats. These 
experiments suggest that gelatin is not only deficient in amino acids, but has a positively 
deleterious effect on grow th. 
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for a combination of tyrosine, cystine, and tryptophane. This implies that the 
continuing protein metabolism is governed by the need for certain essential 
amino acids. 

Accessory food factors may influence protein economy. Nassett, Pierce 
and Murlin (301) report that yeast increases the retention of nitrogen. 

The need for a superabundance of calories from carbohydrate and fat, if 
maximum economy of protein is to be achieved, has already been stressed. Fur- 
thermore, it has been mentioned that the carbohydrate moiety can not be 
reduced below a minimum quantity. The nonprotein calories can not be 
furnished by fat alone. If, however, enough fat is supplied to provide the 
necessary calories, only a small quantity of carbohydrate is needed. The 
manner in which this carbohydrate is given is not a matter of indifference. 
Cuthbertson and Munro (90) fed human adults the same mixed diet according 
to two regimes. In the first, both carbohydrate and protein were given at 
each meal; in the second, protein and carbohydrate were given at alternate 
meals. Under the latter regime urinary nitrogen increased and nitrogen 
balances became negative. The frequency of meals seemed to make little 
difference. Apparently, then, it is necessary to give carbohydrate and protein 
together to secure the protein-sparing effect of the former. Presumably when 
carbohydrate is given alone it is rapidly expended, leaving none to protect 
protein which is taken at a later time. 

Rose (346, 388) in an investigation of his own minimum protein requirement, 
found that the urinary excretion of nitrogen was lowest when the diet yielded 
a basic ash. The addition of add increased nitrogen wastage. The effect of 
acid he attributes to the formation of ammonia which it provokes. 

Optimum protein requirements. Mitchell (287) has pointed out that there is 
no justification for the assumption that the optimum protein requirement for 
adults is greater than the minimum requirement for nitrogen equilibrium. 
Nevertheless, individual \ariability and the dietary factors that condition 
requirements w ould make it advisable to feed somewhat more than the average 
minimum requirement. The latter lies somewhere between 0.5 and 0.7 gram 
protein per kilo of body w eight per day. The standard quite generally accepted 
to provide the necessaiy margin of safety is 1 gram of protein per kilo per day. 
It is the more necessary to provide this margin of safety if the diet is to be 
limited in calories as well as protein. Jansen (209) during the last war studied 
the nitrogen excretion of a group of medical students who were receiving daily 
1600 Calories with 1 1 grams of nitrogen. Although they w ere from 9 to 12 lbs. 
below their pre-war weights, all had negative nitrogen balances varying from 
1.3 to 3.9 grams of nitrogen daily. Assuming that the average weight of these 
subjects w r as 70 kilo, a generous figure considering the losses they had suffered, 
they were being fed almost a gram of protein per kilo per day and were using 
1 2 grams. Undoubtedly the nitrogen wastage of these students could have 
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been prevented by the administration of more fat or carbohydrate without 
additional protein. Loewy (436) found that he remained in constant negative 
equilibrium on a diet containing 60 grams of protein with 1600 Calories; but 
that nitrogen loss was immediately checked by the addition to the diet of 200 
grams of butter. 

Although nitrogen wastage -can be spared by such limited diets, restriction 
to these limits is not necessarily desirable. Long time experiments on rats, 
by Slonaker (371), indicate that there is an optimum intake of protein, and 
that intakes greater or less than this optimum are not conducive to maximum 
activity or longevity. The life span, the duration of sexual life and the total 
distance that rats ran in revolving wheels during their lives were all greatest 
when their diets contained 14 to 18 per cent of protein. Life was curtailed 
most when the protein was raised to 26 per cent, activity was most limited 
when it was reduced to 10 per cent. 

The upper salutary limit of protein intake for humans is somewhat uncertain. 
Eskimos, with a diet consisting exclusively of meat and a regular protein intake 
of probably 2 grams or more per kilo per day (331), maintain an excellent 
standard of health for at least a moderate span of life. The nonprotein nitrogen 
in their blood sometimes exceeds the accepted American and European normal 
standards, but this is associated with no evidences of impaired renal function 
(333). Although their lives are reputed to be rather short, compared with, the 
best European and American standards, there is no reason to connect this with 
their dietary. 

Protein requirements for growth. In the adult it is necessary merely to wain- 
tain a good state of nutrition; in the child it is necessary also to provide for 
growth. There is some question whether the accepted growth curves of chil- 
dren are the best that could be attained by ideal diets. (See the White House 
Conference on Child Health and Protection (418) fora discussion of the prob- 
lem.) The League of Nations Health Committee (232) in 1936 recommended 
as optimal for growth: for children I to 3 years old 3.5 grams of protein per 
kilo per day; for children of 3 to 5 years, 3 grams per kilo; for children of 5 to 
15 years, 2.5 grams per kilo; for persons of 17 to 21 years, 1.5 grams per kilo; 
and for adults, 1 gram per kilo. The quantities prescribed for children less 
than 5 years old are smaller than those recommended by Leitch and Duckworth 
(236) and those with which Farr (115) obtained maximum nitrogen retention; 
but the standards for older children agree with those of other authors. In 1921 
Holt and Fales (194) from a study of common dietaries concluded that at the 
age of one year children should receive 4 grams of protein per kilo per day. 
They believed this could be gradually reduced with increasing age until at 
6 years only 2.6 grams per kilo were given, and that this ration should be con- 
tinued until growth was completed. Daniels and her associates (94) found 
that children from 3 to 5 years old stored nitrogen at a maximal rate when th:y 
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received approximately 3.2 grams of protein per kilo. Hanks, Bray and Dye 
(180) found that pre-school children more than 3 j ears old stored more protein 
when the diet contained 4 than when it contained 3 grams of protein per kilo. 
In children 4 to 14 years of age, Maroney and Johnston (265) secured maximum 
nitrogen storage when 15 per cent of the calories were composed of protein. 
When protein provided more than 20 per cent q[ the calories, nitrogen storage 
decreased. Their diets supplied for boys 74 per cent and for girls 67 per cent 
of calories in excess of the basal energy expenditure. When estimated in 
comparable terms these standards did not differ greatly from those of Holt 
and Fales, Daniels and Hawks. Molchanova et al (292, 293, 294) and Be- 
lousov (35) have reported somewhat higher requirements; but their diets con- 
tained only 30 to 50 per cent of animal protein, whereas the American workers 
used diets in which up to 75 per cent of the protein was derived from animal 
sources. 

Mitchell (287) has defined the nitrogen requirement for growth as a high 
caloric diet with the smallest amount of protein that will produce a maximum 
positive nitrogen balance, on the principle that there is no reason to believe 
that maximum rate of growth of essential tissues is greater than optimum 
growth. Judged by these criteria there is a point beyond which increases of 
dietary protein are not only of no further benefit, but have a positively dele- 
terious effect. Forbes, Voris, Bratzlcr and Wainio (128) found that in rats 
retention of nitrogen and growth increased steadily as the protein in tire diet 
was raised from 10 to 25 per cent. When a larger proportion of the diet was 
composed of protein both retention of nitrogen and growth diminished. In 
children Farr (114) obtained similar results. For example in one instance 
as dietary protein w as increased the quantities assimilated by a child of 4 varied 
in the following manner (in each pair of numbers, the first represents protein 
intake in grams per kilo, the second, nitrogen retained daily in grams): 0.5, 
-0.03; 1.0, +0.26; 2.0, +0.97; 3.1, +1.81; 4.1, +0.70. Assimilation was 
maximum when the protein intake was 3.1 grams per kilo. ♦ 

On the basis of present knowledge, the optimum protein intakes for growth 
at various ages approximate the standards given in table 29. 

It is particularly imperative during the growth period that quality as well 
as quantity of protein fed be given consideration. Att the amino acids which 
are essential for maintenance of the adult are even more essential for the child, 
and at least one, lysine, which is not necessary for maintenance, is indispensable 
for growth. Holt and Tales (194) recommend that two-thirds of the protein 
for children be given in the form of animal protein. 

According to Krauss (226) it is possible to attain nitrogen equilibrium in the 
child with minimum protein catabolism. The administration of protein to a 
child who has received a high caloric diet of fat and carbohydrate only until the 
daily nitrogen output has reached a constant minimum, does not increase the 
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urinary nitrogen excretion unless the amount of protein given exceeds the 
minimum protein catabolized. During the growth period the organism has, 
of course, the power to retain protein to build new tissues. So great is the 
tendency for growth to continue despite obstacles that, provided the caloric 
value of the food is sufficiently great, the child will retain nitrogen if it is given 
any protein in excess of its minimum requirements. 

Malnutrition and protein starvation. If the protein intake is reduced below 
the quantity required for the maintenance of nitrogen equilibrium, urinaiy 
nitrogen excretion gradually diminishes and, provided the dietary reduction 
has not been too extreme, equilibrium may eventually be established at an 
abnormally low level of nitrogen metabolism (143, 186, 188, 218, 224, 436). 
The length of time which must elapse before this new minimum is attained will 
depend upon the degree of protein restriction and the caloric value of the diet. 


TABLE 29 

SrCGFSTED Optoial Protein Contents or Diets for Growth in Various Ace Groups 


Ad 


yt«rt 


1-3 

4.0 

3-6 

3.5 

6-8 

3.0 

8-13 

2.5 

13-15 

2.5 

15-17 

2.0 

17-21 

1.5 


If both calories and protein are limited the amount of tissue protein lost will 
be greater than if low' protein and high calories are given. An individual 
comes into nitrogen equilibrium on such a diet only by virtue of the fact that 
he is malnourished. The mere fact that nitrogen equilibrium can be attained 
on a given diet is no indication that this diet is large enough to maintain the 
tissues in a state of normal nutrition. 

If the protein ration of an undernourished person is increased the urinary 
nitrogen does not rise to an equal extent; he may present a positive nitrogen 
balance on less than a normal subsistence diet. This positive balance will 
continue until the tissue wasted by the previous low protein regime is replaced 
(186, 188, 218). A positive nitrogen balance, unaccompanied by the accumu- 
lation of nonprotein nitrogen in the blood, which continues longer than the 
short interval necessary for the establishment of nitrogen equilibrium after 
any change of diet, occurs in adults only if they have been previously subjected 
to partial or complete protein starvation (218). The appearance of a pro- 
longed positive nitrogen balance after the addition of protein to the diet may, 
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therefore, be considered pritna jade evidence of previous nulnutrition. Care 
must be exercised, however, in the application of this criterion to short experi- 
ments. By the addition, to diets already containing adequate calories, of a 
liter of milk or its equivalent in other foodstuffs (87) or even excessive amounts 
of fat and carbohydrate (89), Cuthbertson and his associates produced in 
normal persons large positive nitrogen balances that persisted as much as IS 
days and were accompanied by distinct increases of weight. 

von Hoesslin (188) found that the administration of a high caloric diet led 
to little increase oi weight in protein-starved individuals if the high calories 
were given entirely as fat and carbohydrate. Only if the protein in the diet 
was also raised could they be made to put on flesh. Tat and carbohydrate 
had their usual effect, however, of promoting storage of protein. 

The quantity of protein that the malnourished individual can use to advan- 
tage is limited. As the diet is increased above the minimum nitrogen equi- 
librium requirement only a part of the extra nitrogen is retained; and as it is 
progressively increased, each successive increment is less completely retained 
than the last (188). Eventually a point is reached beyond which no advantage 
accrues from increasing the protein further. 

If both calorics and protein arc maintained at low levels for an extremely 
long period, the nitrogen excretion, after its gradual decline, may rise. Zuntz 
and Loewy (436), during the last war, found that their total caloric and nitrogen 
expenditures gradually fell over a long period when they had subsisted on diets 
containing 60 grams of protein and 1600 Calories daily. After some months 
it was noted that Loewy ’s urinary nitrogen and basal metabolism had both 
risen above the normal range. This rise is suggestive of the premortal rise of 
nitrogen excretion that lias been noted in starved animals after the fat reserves 
are exhausted. Zuntz did not respond in this manner nor did other subjects 
who were studied during malnutrition in Central Europe during the last war 
(188, 218). 

The blood nonprotcin nitrogen falls as the rate of nitrogen catabolism dimin- 
ishes on a low protein diet (224), blood urea being most affected. In the urine 
it is also the urea + ammonia fraction of nitrogen which diminishes most 
markedly. 

The partition of the nitrogen lost from the body in states of protein under- 
nutrition has been measured by Weech, Wollstein and Goettsch (410) in dogs 
which were kept for 10 to 11 weeks on diets almost devoid of protein, but con- 
taining large quantities of fat and carbohydrate. Of the nitrogen lost 77.8 
per cent came from the tissues, 18.7 per cent from blood hemoglobin, and 3J> 
per cent from serum proteins. Of the tissues the liver suffers the greatest 
losses (4). 

It must be recognized that the effects of protein deficiency are not confined 
to the loss of tissue protein. Because certain amino acids contribute essential 
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components, their withdrawal by restriction of protein, unless the diet is 
supplemented by the specific materials which it lacks, leads to a variety of 
pathologic lesions. The best known of these are the fatty liver, cirrhosis and 
renal degeneration that develop w hen there is insufficient choline or some other 
source of free methyl groups such as methionine in the diet. These conditions 
are discussed at length in the chapters on Lipids and Amino Acids. 

There is a certain similarity between the nitrogen metabolism during re- 
covery from malnutrition and during growth. In both the tendencies to retain 
nitrogen and to synthesize tissues are more active than they are in the normal 
adult. 

Obesity. Whatever may be the factors that lead to the deposition of ex- 
cessive amounts of adipose tissue, obesity results from the consumption of 
quantities of food that supply more calories than are required to meet the 
energy expenditure of the individual or animal under consideration (see dis- 
cussion in chapter on Energy Metabolism). To reduce the weight of extremely 
obese subjects rapidly Mason (272) and others have recommended diets which 
provide too few calories to cover even basal requirements and less than I gram 
of protein per kilo of actual body weight. Such diets invariably cause negative 
nitrogen balances. Gradually the urinary nitrogen diminishes until finally 
equilibrium may be established at a subnormal level (272). These are the 
familiar phenomena of malnutrition. Although within limits this wastage 
of protein may not be deleterious and gives rise to no objective evidence of 
harmful action, it is unnecessary. By giving a slight excess of protein, 90 
grams daily to adults, Keeton and Dickson (212) secured positive nitrogen 
balances in obese persons on diets containing 40 to 50 per cent less calories 
than they required for maintenance. Excess body fat can be used to spare 
protein. The rate and extent of nitrogen loss is inversely proportional to the 
initial weight of the subject (272). It has been generally assumed that endo- 
genous fat is less efficient than exogenous in sparing protein. This difference 
may be only apparent. It has already been pointed out that, if no carbo- 
hydrate is given, protein will be sacrificed to provide carbohydrate, even if 
adequate calories in the form of fat are available. Strang, McClugage and 
Evans (386) prevented obese persons from wasting nitrogen by the addition 
of only 14 grams of carbohydrate to diets that contained only 330 Calories and 
0.4 grams per kilo of protein daily. Under these circumstances the major 
proportion of the calories consumed by these subjects must have been derived 
from body fat. 


Environmental factors 

Effect of light. Mayerspn, Gunther and Laurens (273) observed that when 
animals are removed from daylight to a completely dark environment they 
exhibit a transitory increase of nitrogen excretion. This can not be a specific 
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effect of absence of light because a similar transitory increase follows the return 
of the animals to the initial lighted environment. Carbon arc radiations are 
said to increase the protein requirements of animals (273). 

Environmental temperature. No definite effect of environmental tempera- 
ture on the nitrogen metabolism of man has been demonstrated, other than a 
doubtful influence of cold in stimulating the appetite for protein food. Denis, 
Borgstrom and Bost (46, 95) followed the urinary nitrogen excretion of 233 
medical students in the subtropical climate of New Orleans. The average 
dally excretion was 10.6 grams with a tendency to vary consistently with the 
monthly temperature from 10.2 grams in the hottest months to 11.6 grams in 
the coldest. The mean value of 10.6 grams, indicating a protein intake of 
about 74 grams per day is less than most of the statistical data compiled by 
Voit and others for populations in temperate climates. This led Denis, Borg- 
strom and Bost to conclude that the wanner climate of New Orleans depressed 
the voluntary intake of protein. However, Youngburg and Fitch (434) found 
that 10 medical students observed throughout the year in the temperate climate 
of Buffalo, N. Y,, excreted in the urine an average of 11.1 grams of nitrogen 
per day, which differed little from the excretion of the New' Orleans students. 
The extent to which racial food habits outweigh climate in governing the pro- 
tein intake is illustrated by observations of Campbell (65) on medical students 
in Singapore. Asiatics of different origins excreted nitrogen averaging from 
5.1 grams for the Brahmins to 9.3 grams for Tamils, while Europeans in the 
same school averaged 11.7 grams, somewhat higher than the amounts Young- 
burg and Fitch found in Buffalo, N. Y. 

Effects of physiological factors 

Diuresis. Within certain limits the nitrogen excreted by the kidneys varies 
with the rate of urine excretion. The urea fraction of the nitrogen is most 
affected by diuresis. The effect of urine volume on urea excretion is greatest 
when the rate of excretion of urine is small, and diminishes rapidly as the rate 
rises until, when diuresis reaches about twice the normal rate, about 2 cc. per 
minute for a normal adult, further increases of volume have little effect (see 
chapter on Urea). Up to this point diuresis tends to reduce the concentration 
of nonprotein nitrogen in the blood (266). This may explain the low values 
often observed in patients with polyuria of diabetes mellitus or diabetes in- 
sipidus. In die latter condition the blood nonprotein nitrogen may rise slightly 
when diuresis and thirst are checked by pituitrin (165). 

Water deprivation. If an animal is deprived of water, the nonprotein nitro- 
gen of the blood rises slightly because the rate of excretion of urea varies with 
urine volume (21, 24, 150, 257, 295). If deprivation becomes extreme in- 
creased nitrogen catabolism nmy exaggerate the azotemia. MacKay and 
MacKay (257) found that the blood nonprotein nitrogen rose far more rapidly 
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if the animal deprived of water was given intravenous injections of concen- 
trated sucrose solution that caused rapid dehydration. This suggests that 
when the fluids of the body are greatly depleted the rate of tissue protein de- 
struction rises, the process which is usually termed toxic destruction of protein. 
Elkinton and Taffel (104) have shown that when dogs are deprived of both 
food and water for long periods they maintain a sufficiently large urine volume 
to permit the excretion of. most of the nitrogenous end products without de- 
veloping serious azotemia and without exhausting the extracellular fluids. 
By withholding sodium salts from the urine the osmotic pressure of the extra- 
cellular fluids is raised. This leads to the transfer of water from the intra- 
cellular compartment. The release from the cells of potassium equivalent 
to the protein which is destroyed frees another fraction of cellular water. 
Finally the sacrifice of potassium salts over and above the proportion normally 
associated with protein contributes a third fraction of ceil water. By these 
expedients water is provided by the cells to the extracellular fluids and thereby 
to the kidneys in sufficient quantities to permit the excretion of the necessary 
waste products without extinguishing the extracellular fluids (for further dis- 
cussion see the chapter on Water). 

Dehydration and salt depletion. The nonprotein nitrogen of the blood tends 
to increase in all conditions in which the fluids of the body are greatly depleted, 
whether the dehydration results from simple deprivation of fluids or from 
excessive loss of fluid through vomiting or diarrhea. These increases seem to 
arise chiefly from oliguria, with accelerated protein catabolism and impaired 
circulation playing contributory riles. A voluminous literature has sprung 
up about a condition known as “uremia or azotemia from lack of salt," in w hich 
it is implied that accumulation of nonprotein nitrogen in the blood is a direct 
response to depletion of the sodium and chloride of the body. Such a theory 
finds little physiological support. Deficits of chloride and sodium in the body 
fluids are generally indications of dehydration. It is pointed out in the dis- 
cussion of obstruction of the alimentary tract below that accumulations of 
nonprotein nitrogen in the blood in this condition can be eliminated by the 
administration of enough water to provoke diuresis, although the deficits of 
chloride and sodium may be aggravated by such therapy. If salt depletion 
contributes to azotemia at all, it is probably through its injurious effedls on 
bodily functions in general, and especially upon the circulation, not because 
it has any particularly deleterious influence upon the kidneys. It has been 
reported (69) that injections of small volumes of concentrated NaCi solution 
are beneficial in restoring the excretory activity of the kidneys; but such salt 
injections increase the volume of extracellular fluid by abstracting water from 
the tissue cells, thereby providing more water for the formation of urine. 

Afuscutar exercise. Provided there is a constant and sufficient supply of 
fat and carbohydrate available to meet the increased demand for calories 
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evoked by exercise, the muscular activity of a subject may be varied greatly 
without any change of his daily excretion of nitrogen (66, 334, 425). Camp- 
bell and Webster (66), Wilson, Long, Thompson and Thurlow (425) and others 
have shown that short periods of strenuous exercise or more prolonged moderate 
exertion do not affect nitrogen excretion appreciably; and Rakcstraw (334) 
could detect no elevation of blood nonprotein nitrogen after short, strenuous 
exercise. In table 30 are presented data from an experiment by Shaffer (367). 
The subject during period I remained in bed, during period II did light labora- 
tory work, and during period III took additional exercise, such as walking 10 
miles. The diet in all 3 periods contained 5 to 6 grams of nitrogen. The 
nitrogen did not increase with activity. In fact, it was distinctly lower in the 
third period than in the first, possibly because the caloric value of the diet had 
been increased to meet the extra demands imposed by the exercise. 


TABLE 30 

Excretion or Nitrogen During Rest and Work. Observations or P. A Shatter (367) 
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fluids by loss of water during the race. Increased protein catabolism must be 
postulated. 

Age. It has already been pointed out that during the period of growth the 
intake of protein and the output of nitrogen are from 1.5 to 4 times as great in 
proportion to weight as they are during adult life. In addition the growing 
subject normally retains part of the ingested nitrogen to form new tissue 
protein, while the adult normally remains in nitrogen equilibrium. 

At birth the concentrations of total nonprotein nitrogen and its separate 
components are approximately the same in maternal and fetal blood. Avail- 
able data on the blood nonprotein nitrogen of children, chiefly from hospital- 
ized patients (73, 238), indicate that the concentrations are approximately the 
same in children as in adults, with perhaps a greater incidence of low figures 
among the former. 

Aaltonen (1) found the blood nonprotein nitrogen greater than 45 mg. per 
cent in 24 out of 47 persons ranging in age from 80 to 93 years. This should 
probably be regarded as evidence of pathologic states rather than the result of 
uncomplicated old age. 

Menstruation. Erikson and Okey (107) report that at the time of menstrua- 
tion the nonprotein nitrogen of the blood rises, as a rule, by as much as 9 to 15 
mg. per 100 cc. The increment is not composed of urea, uric acid, amino acids, 
creatine, nor adenine nucleotide. It consists of some unidentified constituent 
or constituents of the undetermined nitrogen. 

Pregnancy. On adequate diets animals exhibit a positive nitrogen balance 
during pregnane)’. Hoffstrom (189) noted that women retained an average 
of 1.8 grams of nitrogen per day. Wilson’s (428) subjects, on diets containing 
from 9 to 19 grams of nitrogen, had positive nitrogen balances sometimes 
amounting to 6 grams daily. Murlin (301) estimated from these data that the 
mothers retained in their own bodies, in addition to the nitrogen of the fetus, 
from 210 to 280 grams of nitrogen during the course of pregnancy. The 
quantity stored exceeds that required, not only for the development and growth 
of the fetus, but also for the hyperplasia of the uterus and adnexae (172, 199). 
The storage of protein begins in the middle months of pregnancy’ and increases 
steadily until term. Seegers (365) found that a woman who took a constant 
adequate diet retained increasing proportions of the nitrogen ingested as preg- 
nancy advanced. The retention is an expression of economy in the expenditure 
of protein similar to that which accompanies other processes of growth. The 
mean nitrogen excretion of 77 pregnant women studied by Rowe (347) fell 
from an average of 9.1 grams daily at the third month to 6.7 grams daily at 
the end of pregnancy. Coons and Blunt (83) observed that the storage of 
protein tended to fall off towards the end of pregnancy’, but recognize that 
limitation of diet in accordance with physician’s orders may have been instru- 
mental in promoting this decline. 
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Although the pregnant animal displays great economy of protein, reduc- 
ing blood nonprotein nitrogen and nitrogen excretion, when given adequate 
amounts of protein, Poo, Lew and Addis (326a) found that on low protein diets 
the nitrogen excretion of pregnant rats exceeded that of normal rats. Appar- 
ently the pregnant animal is less able than the nonpregnant to lower her protein 
metabolism to compensate for the effects of undemutrition. Despite this, 
if a pregnant animal is given insufficient protein, the fetus will draw upon the 
maternal tissues. Secgers (366) found that rats still gave birth to living young 
if they were given nitrogen-free diets as early as 13 days before term. If such 
diets were instituted more than 8 days before delivery the offspring were under- 
nourished, weighing less and containing less nitrogen than normal rats at birth. 
The administration of gelatin, an insufficient protein, did not ameliorate the 
condition. 

During the puerperium, for about 2 weeks, the nitrogen balance becomes 
negative. The nitrogen loss, which may reflect uterine involution, can not be 
checked by dietary measures (173, 174). 

As might be expected the decrease of protein catabolism during pregnancy 
is accompanied by a decline of the nonprotein nitrogen of the blood (62, 64, 113, 
173, 182, 221, 222, 308, 3S0, 422). According to Cadden and Tarris (62) the 
blood nonprotein nitrogen fell from a mean nonpregnant concentration of 30 
mg. per cent, during the first 6 months to an average of 24 mg., later rising 
again to 26 rag. at term. It is uncertain whether the late rise is statistically 
significant. The urea fraction was chiefly implicated, falling in the first 6 
months from an average of 14 to 6 mg. per cent. The reduction of nonprotein 
nitrogen and urea is often too great to be ascribed entirely to the diminution of 
protein catabolism. Nice (308) found urea nitrogen not infrequently as low 
as 4 to 5 mg. per cent. The excretory activity of the kidneys is apparently 
stimulated by pregnancy. The low blood urea values in Nice’s series were 
associated with high urea clearances. In most cases in which blood urea 
nitrogen lay between 4 and 5 mg. per cent, the clearances were 120 to 200 per 
cent of the average normal. 

During labor the blood nonprotein nitrogen rises slightly and, early in the 
puerperium, returns to the normal nonpregnant level (173). 

Lactation. In lactation the mother is called upon to provide sufficient 
protein not only for her own normal metabolic processes but also for the 
production of enough milk to support the growth of her offspring. The average 
volume of milk secreted in the progress of normal lactation is presented in 
table 31, taken from Pfaundler and Schlossmann (324). Other observers (91, 
193) give somewhat larger figures, but these serve to indicate the general mag- 
nitude of the demands put upon the mother. The protein content of mother s 
milk during the various stages of lactation, taken from Holt, Courtney and 
Tales (193), is shown in the first line of table 31A and in the second line the 
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total demand on the mother for extra protein production, which has been es- 
timated by combining the values for volume and protein percentage. Through- 
out the greater part of the period of lactation the nursing mother is called on 
to furnish for the nutrition of her child alone from 7 to 15 grams of protein 
a day. 

Provision must be made in the diet to meet this demand. That lactation 
may be supported without drawing on the maternal tissues has been demon- 
strated by Hoobler (195), Hart and Humphreys (1 78) and others (199). They 
have shown that nursing animals can be maintained in nitrogen equilibrium. 
(Of course, in such calculations the nitrogen of the milk must be included in the 
excretory nitrogen.) This is possible, however, only if calories enough to 


TABLE 31 

Averacf Von ue or Mile. Secreted m Normal Lactation 
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TABLE 31A 

Protein Content or Mother’s Milk During Lactation 



COLOST* CM 
PERIOD, 
1-12 BAYS 

TRANSITION I 
PERIOD, 

12 30 BAYS | 

MATCIE 

PERIOD, 

2-9 MONTHS j 

LATE PERIOD 
AFTER 4 
MONTHS 

Per cent of protein 

Total protein per da)', grams 

2 0-2.6 

1.1- 2 0 
5.5-12 0 

0 9- 1 5 | 
7 2-13.5 

0.8-1 2 


satisfy requirements of both mother and child are given, w ith somewhat more 
than enough protein to cover both the amount used in the mother’s catabolism 
and the amount secreted in her milk. 

Quantity of protein is not the only thing to be considered; quality is also 
important. The proteins of milk require for their production material which 
contains a proper mixture of amino adds. On pure cereal or vegetable pro- 
teins it is almost impossible to prevent negative nitrogen balance (98, 113, 178, 
195). The addition to vegetarian diets of small amounts of milk, however, 
renders them quite efficient (195). It is well to see that a generous proportion 
of the protein in the mother’s diet is derived from animal sources. 

If nitrogen equilibrium is not secured milk production may continue for 
short periods undiminished (178). It is continued at the expense of the ma- 
ternal tissues. Eventually, if this condition persists, both amount and quality 
of milk deteriorate. 
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DISORDERS OF ENDOCRINE CLANDS AND EFFECTS OF INTERNAL SECRETIONS 

Thyroid. The internal secretion of the thyroid, by increasing the total 
metabolic requirements of the organism, tends to increase nitrogen catabolism 
(45, 208, 226, 230, 344). If the fuel requirements are not met with high fat 
and carbohydrate calories, and the protein ration is low, tissue wastage ensues. 
It is, however, possible to prevent such wastage by the administration of high 
caloric diets containing no protein in excess of the normal requirements. 
Boothby, Sandiford, Sandiford and Slosse (45) obtained nitrogen equilibrium 
in exophthalmic goiter on diets containing 3000 to 5000 Calories and from 1 to 
1.5 grams of protein per kilogram per day. Krauss (226) and Lauter and 
Jcnke (230) were able to attain normal minimum nitrogen catabolism in pa- 
tients with hyperthyroidism by feeding a large excess of fat and carbohydrate. 
Janney and Isaacson (208) found that the increased nitrogen excretion that 
followed administration of thyroxin could be mitigated or prevented by carbo- 
hydrate and fat. These experiments seem to indicate that the thyroid secre- 
tion causes no actual destruction of protein, but merely increases demands of 
the body for fuel. 

Janney and Isaacson (20S) detected little change of nitrogen excretion after 
thyroidectomy. Boothby and his associates (45), however, have shown that 
myxedematous patients, when given thyroxin, lose in the urine a certain 
amount of nitrogen and that the nitrogen thus lost bears a relation to the 
weight lost at the same time. Byrom (60) compared the excretion of electro- 
lytes and nitrogen by myxedematous patients before and after the administra- 
tion of thyroid extract. During the initial fall of weight nitrogen was swept 
out with considerable sodium, but little potassium, indicating that chiefly 
extracellular material w'as lost Subsequently potassium and nitrogen were 
excreted in proportions more characteristic of cellular destruction. In the 
initial diuresis the ratio of nitrogen to sodium was much greater than it could 
have been if only nonprotein nitrogenous substances from the extracellular 
fluid had been swept out. It may be inferred, therefore, that in myxedema 
fluid containing a certain amount of protein accumulates in the extracellular 
spaces. Boothby (45) estimates that the concentration of protein in this fluid 
must be about 2 per cent. This protein be identifies with “deposit” or func- 
tionally inactive protein. Since it accumulates in sites which, under normal 
conditions, presumably contain little or no protein, it cannot be regarded as 
part of the normal “deposit” or “reserve” protein, if such a thing exists. 

Boothby and his associates (45) have demonstrated detectable increases of 
blood nonprotein nitrogen after administration of thyroxin. Nevertheless, 
in patients with clinical thyroid disorders the blood nonprotein nitrogen falls 
within normal limits. 

Parathyroid Alter removal of the parathyroid glands blood nonprotein 
nitrogen and urinary nitrogen increase only during convulsions (169, 354). 
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Ha den and Orr (169) claim that the rise of blood nonprotein nitrogen is con- 
fined almost entirely to the undetermined nitrogen fraction. No effect from 
parathyroid extract has been demonstrated. In clinical hyperparathyroidism 
the nonprotein nitrogen of the blood may be elevated if renal function is im- 
paired by metastatic calcification of the kidneys or the formation of urinary 
calculi (7). 

Suprartnals. Since these organs contain two endocrine glands it is necessary 
to consider the influence of both the cortex and medulla. 

Since there is no evidence to indicate that epinephrine significantly alters 
the concentration of nonprotein nitrogen in the blood or urine it may be con- 
cluded that any effects that follow excision or destruction of the suprarenals 
are due to the loss of the cortical secretions. 

In the terminal stages of Addison's disease (162, 176, 348) or in the com- 
parable conditions which follow total adrenalectomy in animals (177, 390) the 
nonprotein nitrogen of the blood rises. This is undoubtedly due to the severe 
renal insufficiency that is characteristic o£ this condition. This is shown by 
the fact that if the excretion of urine is well maintained by the administration 
of fluids and salt the blood nonprotein nitrogen will remain within normal limits 
even though death may ensue from other causes (318). Furthermore, even 
if the nonprotein nitrogen is already elevated, successful treatment by means 
of salt or cortical extract will restore it to normal (162). 

Nevertheless, studies on adrenalectomized animals that are maintained in 
good condition by the administration of salt indicate that loss of the cortical 
secretion is accompanied by a decreased urinary nitrogen excretion in those 
circumstances in which an augmented protein catabolism is observed in normal 
animals. Thus Evans (110), Harrison and Long (175), Long, Katzin and 
Fry (249) found that during a three-day fast adrenalectomized rats excreted 
significantly less nitrogen than normal animals, although the blood nonprotein 
nitrogen was not elevated. Fasting pblorizinized rats have a high level of 
nitrogen excretion which is diminished by adrenalectomy (1 10, 412) . Removal 
of the adrenals was shown by Long and Lukens (250) to diminish the high 
nitrogen excretion of depancreatized animals. The increased nitrogen excre- 
tion that occurs in normal fasting rats when exposed to low oxygen pressure is 
not observed after adrenalectomy (109, 242). 

All these findings indicate that the loss of the cortical hormones impairs 
the capacity of the animal to convert protein into non-nitrogenous substances 
and it has been suggested by Long, Katzin and Fry (249) that this is the basis 
of the diminished carbohydrate in the bodies of fasting adrenalectomized 
animats. 

The injection of adrenal cortical extracts or the adrenal steroids of the cor- 
ticosterone type, i.e., those with substitutions at carbon eleven, is known to 
augment the nitrogen excretion of either fasting or fed animals (201, 202, 249). 
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The level of blood nonprolein nitrogen is apparently not affected. Similar 
injections into adrenalcctomized or hypophysectomized animals also raise the 
fasting nitrogen excretion above norma). 

Clinical observations on the nitrogen excretion in clinical conditions in which 
the adrenal cortical secretion is presumed to be increased, as in the Cushing 
syndrome, arc not available. However, Albright, Farson and Bloomberg (8) 
have suggested that an excessive rate of protein catabolism due to an increased 
secretion of cortical hormone may be the basis of many of the signs and symp- 
toms found in the Cushing syndrome. This has not been confirmed by the 
authors (318). 

Gonads. Injections of testosterone propionate induce a self-limited retention 
of nitrogen without increase of blood nonprolein nitrogen in normal persons 
as well as eunuchoid or castrate males (216). 

Pancreas. Remora 1 of the pancreas has a two-fold effect on nitrogen me- 
tabolism. In the first place, the loss of the external secretion impairs the diges- 
tion and absorption of protein. This will be discussed in connection with 
steatorrhea below-. Secondly, the loss of the internal secretion with the con- 
comitant reduction of the ability to utilize glucose necessitates an increased 
rate of tissue protein breakdown, so that fasting depancreatized animals June 
a nitrogen excretion that may be two or three times greater than normal. 
This high level of excretion is reduced by total adrenalectomy or hypophysec- 
(omy (198, 250) or by the administration of an adequate quantity of insulin. 

It has been suggested that the effect of insulin on protein metabolism is of a 
direct rather than an indirect nature. Bach and Holmes (22) reported that 
insulin added to liver slices, either with or without the addition of d/-ahnine, 
partially inhibited urea formation and carbohydrate synthesis. They con- 
cluded that the hormone suppressed gluconeogcnesis in this organ by inhibiting 
oxidative deamination of the glycogenic amino acids. Stadie, Lukens and 
Zapp (377) were unable to confirm this effect of insulin in liver slices of norma! 
or diabetic cals that were incubated without the addition of amino acids. 
However, they did observe the paradoxical inhibition of the rate of deamination 
of the unnatural d-isomers by insulin, although the natural forms, /-isomers, 
were unaffected by the addition of the hormone to the medium. They also 
observed that the livers of diabetic cals had s much greater rate of deamination 
than those of normal animals but if the animals had also been hypophysec 
tomized the deamination rate was restored to normal. 

Insulin has no obvious effect on the overall metabolism of nitrogen in normal 
animals, although the concentration, of amino acids in the blood falls after it 
is injected (see chapter on Amino Acids). 

Hypophysis. There are no indications that the hormones of the posterior 
pituitary influence protein metabolism and consequently (lie effects of hj-po- 
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physcctomy or of extracts made from whole pituitary glands are to be ascribed 
to the hormones of the anterior pituitary. 

The effects of hypophysectomy upon the nitrogen metabolism of animals 
are the subject of some difference of opinion, although it would now appear 
that this is due to the different conditions under which experiments were 
conducted. 

Braier (50) reported that hypophysectomized dogs, either fasting or ingesting 
a protein-free diet, excreted less nitrogen than normal animals. Rats main- 
tained on a nitrogen-free diet were also found by Braier and Morea (51) to 
excrete about 30 per cent less nitrogen after hypophysectomy. The creatinine 
excretion was also reduced to the same degree. It should be noted that, al- 
though the nitrogen excretion of these animals was on the average lower, 
nevertheless there was considerable individual variation, and indeed the aver- 
age reduction was probably no more than might be anticipated from the con- 
comitant fall in metabolic rate of the operated animals. 

Although Aschner (16) and Braier (50) both state that the nitrogen excretion 
of meat-fed dogs is unchanged by hypophysectomy, this obviously could only 
apply to animals whose growth was already stationary at the time of operation, 
since it is well known that removal of the pituitary is followed by a cessation 
of growth in young animals and in consequence that portion of the ingested 
protein that is normally incorporated in the tissues must now appear in the 
urine. This would lead to a relatively increased nitrogen excretion. Perla 
and Sandberg (316), who conducted nitrogen balance studies in young rats 
both before and alter hypophysectomy, found such an increased nitrogen ex- 
cretion. Although nitrogen retention did not entirely cease after the operation, 
it was reduced from 48 per cent to 14 per cent for the first few weeks after 
operation and then rose to 28 per cent in the later periods. Ashworth and 
Cowgill (17) who conducted paired feeding on normal and hypophysectomized 
rats found that on a low nitrogen diet the hypophysectomized animals went 
into negative nitrogen balance. On a nitrogen-free diet the nitrogen excretion 
of the operated rats was at first slightly higher than their controls, but later it 
fell slightly below them. From a simultaneous study of the metabolic rate 
these authors concluded that the greater urinary nitrogen : calorie ratio of the 
hypophysectomized rats was almost entirely due to changes in the metabolic 
rate and, in consequence, suggested that the anterior pituitary' had but little 
effect on endogenous nitrogen metabolism. This conclusion is based on an 
older concept of the nature of endogenous nitrogen metabolism (cf. above). 

Long and Fry (248) studied the nitrogen excretion of fasting hypophysec- 
tomized rats (a) immediately after operation and (b) some 2-3 weeks later. 
In the first period the nitrogen excretion ivas some 30 per cent greater than 
normal but in the second period was usually, although not invariably, below 
normal. 
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It is evident that the results obtained arc dependent on the condition of the 
animal at the time of study. Soon after hypophyscctomy there is a release of 
protein from the tissues which temporarily augments the nitrogen excretion. 
As the metabolic rate falls and the associated endocrines undergo atrophy, the 
nitrogen excretion will decline until the excretion may ultimately become lower 
than normal. 

Studies of the nitrogen partition in the tissues of hypophyscctomizcd animals 
also support the view that protein retention is dependent on an anterior lobe 
factor. In its absence the concentration of protein in the tissues declines to a 
minimum. Thus Schaffer and Lee (355) report 22 per cent less nitrogen in the 
bodies of hypophysectomizcd animals than in their pair-fed controls, while 
Lee and Ayres (233) not only confirmed the previous observation (355) but 
also found significantly greater concentrations of amino acid, urea and non- 
protein nitrogen in the livers of the operated animals. These observations 
also indicate a greater nitrogen excretion in young fed animals and are in har- 
mony with the observations of Perla and Sandberg (316). 

Extracts of the anterior pituitary that promote grow th induce retention of 
nitrogen. Teel and Cushing (394) observed that in dogs on a constant diet, a 
marked retention of nitrogen followed the injection of anterior pituitary ex- 
tracts. Gaebler (145) also found a greatly increased nitrogen retention after 
similar injections into dogs. This was greatest when the protein catabolism 
was high, as in adult dogs. Almost all the decrease in nitrogen elimination 
could be accounted for by lessened urea excretion. Harrison and Long (175) 
observed a decrease in the nitrogen excretion of fasted rats given a saline ex- 
tract of anterior pituitary and this still occurred after adrenalectomy. Gaebler 
and Zimmerman (148) found that even in phlorizinized dogs these extracts 
induced a smaller but significant decrease in urine nitrogen. 

The concentrations of the various nitrogenous constituents in the blood are 
also disturbed by anterior pituitary extracts. Teel and Watkins (395) ob- 
served a 20 to 30 per cent fall in the nonprotein nitrogen in from 5 to 12 hours 
after injection, which could not be accounted for by increased excretion About 
half this fall was due to a decline in the concentration of urea and Some 10 to 20 
per cent to a drop in the concentration of amino acid. These results were 
confirmed by Teel and Cushing (394) and by Gaebler (145). Reiss, Schwarz 
and Heischmann (337) have also reported a decrease in the nonpTotein idtitigen 
of rabbits and dogs after anterior pituitary extracts. While there is no doubt 
that the nitrogen retention observed in long periods of treatment with anterior 
pituitary extracts is due to the presence of the growth hormone, the work of 
Fraenkel, Conrat et al (137) suggests that the more immediate effects on blood 
nonprotein nitrogen and urea are due mainly to the thyrotrophic hormone. 
These investigators, using fairly well purified specimens of growth and thyro- 
trophic hormone, found that, while both lowered the blood amino acids four 
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hours after the injections, only the former and thyroxin affected the other 
nitrogenous constituents. The results are complicated by the additional 
observation that thyroidectomy, while greatly decreasing the effect of the 
thyrotropic hormone on blood urea, did not alter its ability to depress the con- 
centration of blood amino acids. Since it is generally accepted that the thyroid 
hormone in the presence of an inadequate caloric intake will accelerate protein 
catabolism, its immediate effect in apparently depressing urea formation is 
difficult to understand, although the effects described by these investigators 
may have a relationship to those of Stemheimer (382) who found a marked 
rise in liver protein of rats after injection of thyroxin, which was detectable 
12 hours after injection and was preceded by a fall in liver glycogen. Fraenkel, 
Conrat et al (138) have confirmed that thyroxin or thyrotropic hormone in- 
creases the size of the livers of hypophysec t omized rats, an effect which is not 
produced by purified growth hormone. 

There is ample evidence that continued injections of growth-promoting 
extracts will increase the protein content of experimental animals. Lee and 
Schaffer (235) using the paired-feeding technique in rats, observed that the 
treated animals over a period of 8 to 11 weeks gained far more weight than the 
•controls. Analyses of the carcasses revealed a marked difference in the com- 
position of the weight gained by the two groups. The gain of the treated 
animals contained 19.7 per cent of protein as against 12.6 per cent m the con- 
trol group; while the fat content of the former was 13.3 per cent and of the 
latter 39.3 per cent. Similar results were obtained in pair-fed hypophysec- 
tomized rats by Marx et al (271). 

Injection of these extracts is also reported by Schaffer and Lee (355) to 
decrease the amino acid and urea content of the liver and tissues of normal rats. 

Where animals have been rendered diabetic by anterior pituitary extracts, 
urinary nitrogen increases. Before diabetes appears, however, even diabeto- 
genic extracts promote storage of protein (433). Although anterior pituitary 
extracts aggravate the nitrogen wastage of depancreatized dogs, Gaebler and 
Robinson (147) induced nitrogen retention in such animals by the adminis- 
tration of anterior pituitary extracts with sufficiently large doses of insulin. 

It may be concluded that while the anterior pituitary has a direct and specific 
ability to promote protein anabolism by virtue of the grow th-promoting hor- 
mone it contains, it can also, by reason of its influence on other endocrine 
glands, promote protein catabolism as well, since it is known that the secretions 
of the thyroid and adrenal cortex may, under appropriate conditions, actually 
accelerate protein breakdown. In consequence, it is not improbable that the 
anterior pituitary can, through its secretions, regulate both protein anabolism 
and catabolism and indeed may well be an important factor in the preservation 
of the constant proportion of protein found in the adult organism. 

In clinical diseases of the pituitary gland no characteristic disturbances of 
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nitrogen metabolism have been reported. In acromegaly, severe diabetes 
may increase nitrogen destruction. In one patient Thannhauser and Curtius 
(397) were unable to reduce nitrogen catabolism to the expected minimum. 
In pituitary cachexia malnutrition and anorexia may reduce protein metabolism 
greatly. In the basophilic syndrome the blood nonprolein nitrogen rises when 
renal function becomes greatly impaired by reason of arterial disease of the 
kidneys (318). Albright, Parson and Bloomberg (8) have suggested that 
basophilism is associated with protein wastage by reason of the associated 
hyperfunction of the adrenal cortex. This the authors (318) have been unable 
to confirm. Albright also finds that the administration of testosterone is 
followed by an increased nitrogen retention and clinical improvement. 

VITAMINS 

As yet it has not been demonstrated that any one of the vitamins has a 
specific or direct effect on the overall nitrogen metabolism. 

DRUGS 

Ucimann and Hartman (336) found that blood nonprotein nitrogen almost 
always rose somewhat after operations under general anesthesia; but these rises 
were usually quite insignificant. Atkinson (19) showed that in experimental 
animals ether alone sometimes had a similar effect. Inami (2C0) has reported 
that general inhalation anesthetics increase nitrogen metabolism, chloroform 
having a greater, and nitrous oxide a lesser, effect than ether. These dis- 
turbances are probably unrelated to the more serious grades of azotemia which 
have been reported during the first few days after operations, for example, by 
Amaud, Henry and Mouli6rac (14). These authors found no evidences of 
renal disease in their patients. It is probable that destruction of protein re- 
sulting from trauma and the conditions which compelled operation, together 
with shock and dehydration, are more responsible than anesthesia for the ni- 
trogen accumulation in these cases. 

Weiss and Corson (411) have reported slight increases of blood nonprotein 
nitrogen after injections of arsphenamine. These increases seemed to be more 
closely related to untoward reactions to the drug than to the dosage in which 
it was administered. Similar increases were observed by Krauss (226) when 
comparable reactions were produced by injections of other drugs or of foreign 
proteins. 

Grabfield, Alpers and Prentiss (159) found that the administration of as 
little as 1 gram of potassium or sodium iodide per day to a normal adult in- 
creased the blood nonprotein nitrogen and the urinaiy excretion of nitrogen 
quite appreciably. Some of the values for blood nonprolein nitrogen reported 
by these observers are distinctly above the upper limits of normal and might 
well lead to improper diagnosis if the effects of the drugs were not recognized. 
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The influence of iodides on both nitrogen metabolism and blood nonprotein 
nitrogen is abolished by thyroidectomy (160). Kelly (215) reported that 
small doses of potassium iodide improve assimilation and retention of nitrogen 
by the growing pig. He did not, however, analyze the blood to determine 
whether the nitrogen was retained as nonprotein nitrogen or as protein. 

Glaubitz (153) found evidence of destruction of protein after poisoning by 
a number of substances: carbon monoxide , oxalic acid, lysol , mercuric chloride , 
potassium bichromate, and pantopon; but none after poisoning with morphine, 
or certain barbiturates. Undoubtedly thfe list of drugs and chemicals that in- 
crease nitrogen catabolism could be prolonged indefinite!}’ by the inclusion of 
all those compounds that cause necrosis of tissue. 

The effect of diuretic drugs has been discussed above. Those drugs which 
have a poisonous effect on kidneys and liver will be mentioned in connection 
with injuries and diseases of these organs below. 

Dunlop (100), Tainter, Cutting and Hines (391) and others have shown that 
the accelerated energy production provoked by dinilro phenol and related drugs 
is not attended by an increase of nitrogen metabolism equal to that which 
accompanies a comparable increase of energy expenditure activated by the 
thyroid hormone. 

Phlorizin has already been mentioned in connection with insulin above. 
By inhibiting reabsorption of glucose in the renal tubules it diverts sugar from 
the muscles and other tissues into the urine. To meet the demand for com- 
bustion of carbohydrate the liver pours out glucose in a vain attempt to over- 
come the effect of the pernicious glycosuria. Exogenous carbohydrate and 
protein are devoured and when they are exhausted tissue protein is called upon 
to provide glycogen (see chapter on Carbohydrate). The consequence is a 
great increase of nitrogen catabolism. 

PATHOLOGICAL CONDITIONS 
Diseases and disorders of the liver 

llepatcctomy. The disturbances of nitrogen metabolism that result from 
impairment of liver function will be discussed in detail in the chapters on 
Amino Acids and Urea. These disturbances affect the partition rather than 
the total concentration of nonprotein nitrogen in blood and urine. After total 
removal of the liver amino acid nitrogen rises while urea nitrogen falls (44) 
because, in the absence of the liver, the power to deaminize amino acids and 
to form urea is abrogated. Corresponding changes of nitrogen partition have 
been observed in acute yellow atrophy of the liver. In acute yellow’ atrophy 
(329, 378), and in severe or fatal poisoning by phosphorus (25), hydrazine (241), 
carbon tetrachloride (235) and chloroform (379), total blood nonprotein nitrogen 
usually rises. Blood urea may be lowered, normal or slightly, elevated; but 
it makes up a smaller proportion, while amino adds make up a larger propor- 
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tion, of the total nonprotein nitrogen than usual. In the patient who had the 
most extreme distortion of blood nonprotein nitrogen thus far reported, Rabino- 
witch (329) found no urea at all and 216 mg. of amino acid nitrogen per 100 cc. 
of blood. In the prcmortal stage of yellow fever in monkeys, Wakeman and 
Morrell (407) found that urea formation diminished, while amino acid nitrogen 
in both blood and urine rose rapidly. 

In advanced cirrhosis of the liter, surgical hepatic conditions and diseases 
of the gall bladder and bile ducts (52), blood nonprotein nitrogen is frequently 
elevated. This has led some to the conclusion that the kidneys in these cases 
are injured by hepatogenous toxins (183). The accumulations of nonprotein 
nitrogen may, however, quite as well derive from dehydration, increased nitro- 
gen catabolism or circulatory collapse, any or all of which may occur in asso- 
ciation with the pathologic conditions mentioned. 

There is reason, nevertheless, to suspect that certain types of liver injury or 
disease may be found in which hemorrhagic and degenerative lesions of the 
kidneys are prominent, since such pathologic changes are so consistently ob- 
served in animals that develop fatty livers from a great variety of causes (see 
chapter on Fats and Lipids). 

Hemorrhage, anemia and shock 

After any severe hemorrhage nitrogen catabolism is accelerated (55, 105) 
and blood nonprotein nitrogen may rise (393). Usually these rises are slight 
and quite transitory; but sometimes, especially alter massive gastro-intestinal 
hemorrhages, the azotemia may be considerable and may persist for some days. 
It cannot be attributed to the anemia because it may disappear before the blood 
elements have been restored. The accumulation of nonprotein nitrogen in 
the blood appears to arise from a number of causes. Reduction of blood 
volume and resultant circulatory disturbances, sometimes true traumatic 
shock, by impairing tenal function, undoubtedly play a part (12, 13, 48). 
Increased nitrogen catabolism must also contribute. In gastrointestinal 
hemorrhage metabolism of absorbed, digested blood is an additional factor. 
Chunn and Harkins (75) gave dogs, by stomach tube, beef plasma or beef cells. 
The latter caused the blood urea to rise, while the former did not. When blood 
was given by jejunostomy it had a similar effect, but when it was given through 
a low ileostomy or by intraperitoneal injection, the blood urea did not rise (76). 
There is no good reason to refer the azotemia to organic injury of the kidneys 
(12). The urea clearance may be low, especially during the most acute stage 
of circulatory collapse (13, 383); renal blood flow may be retarded (383); but 
the ability of the kidneys to concentrate nitrogen is usually w ell preserved (285) 
until shock becomes profound. 

Anemia. Anemia per se appears to have no characteristic effect on protein 
metabolism. Although high blood and urine nonprotein nitrogen have been 
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reported in patients with anemia, these abnormalities can probably be ascribed 
to associated disorders. In pernicious anemia Kab n and Barsky (211) reported 
normal blood nonprotein nitrogens, while Gettler and Lindeman (152) found 
them slightly high. Becker (32) found negative nitrogen balances only .when 
patients received diets deficient in calories. Mosenthal (298) and others (108) 
have shown that primary or secondary anemia is sometimes attended by im- 
pairment of the ability to concentrate nitrogen in the urine. 

Trauma and surgical shock. In surgical shock, produced by any of a variety 
of methods, the nonprotein nitrogen of the blood rises (20, 101). A similar rise 
is seen in other conditions that produce comparable clinical pictures, among 
them hemorrhage, extreme dehydration and extreme depletion of the plasma 
proteins (415). In these latter conditions accelerated nitrogen metabolism 
and insufficient fluid available for excretion appear to be largely responsible 
for the elevations of blood nitrogen. In shock there is, in addition, a more 
profound disturbance of the circulation. 

Even when shock is not manifest, trauma of most varied kinds is followed by 
accelerated protein destruction, evidenced by the excretion in the urine of un- 
usually large amounts of nitrogen (317a). This increased nitrogen metabolism 
usually follows operations and may continue for a number of days, sometimes 
reaching its peak several days after the trauma. At a time when the patient 
is taking little food the urine often contains 12 to 20 grams of nitrogen per day 
(69, 85). An output of as much as 35 grams has been reported (85). The 
quantity can not be correlated directly with the apparent extent of the trauma. 
For example, an uncomplicated appendectomy is followed by a greater nitrogen 
loss than a herniorrhaphy (164a). The protein catabolism rises after simple 
fractures, although an osteotomy may be followed by little loss of nitrogen 
(161a, 198a). This wastage of nitrogen can not be prevented or appreciably 
diminished by the administration of practicable quantities of protein or calories 
(53a, 164a, 198a). It appears to be similar in nature to the “toxic destruction 
of protein” encountered in acute infectious diseases and will be discussed further 
in connection with this phenomenon below. 

In severe cases nitrogen excretion may fail to keep pace with protein destruc- 
tion because renal function fails. This condition, which Fishberg (121) has 
termed “prerenal azotemia” marks the state of shock. It may be produced 
by any of the following conditions: severe and protracted vomiting or diarrhea, 
advanced diabetic acidosis, traumatic and operative shock, profuse hemorrhage, 
coronary thrombosis, the circulatory collapse of profound infections, and a 
variety of drugs and chemicals. The crises of Addison’s disease are sometimes 
placed in the same category although they are marked by certain distinctive 
phenomena. All these conditions have certain features in common, which 
w ill be discussed at greater length in the chapter on Water. The most striking 
of these, in the fully developed condition, is failure of the peripheral circulation, 
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with pallor, sometimes accompanied by cyanosis, sweating, cold extremities. 
The blood flow through the peripheral vessels is greatly retarded, the blood 
pressure is usually extremely low. The blood volume may be low because of 
hemorrhage or loss of fluid or it may be only diverted from the periphery to be 
pooled in the abdominal vessels in the initial stage. As the condition con- 
tinues, however, both ultrafiltrate and later protein escape from the blood, 
which becomes inspissated, further embarrassing the circulation. 

The circulatory collapse leads to failurcof renal function, ultimately resulting 
in anuria. Renal function may begin to suffer before the condition becomes 
extreme, as evidenced by diminished urea clearances. The accumulation of 
nonprotein nitrogen is also accelerated in most instances by increased protein 
destruction arising in large part from the trauma that initiated the shock. In 
the most severe stages of shock the concentrating powers of the kidney also 
appear to fail. 

The treatment consists of the provision of saline and glucose solutions by 
parenteral routes in the early stages of shock. In the more advanced stages 
only transfusion of blood or infusions of blood plasma are of any avail, although 
some other colloid solutions may sometimes be useful if the condition is not 
extreme. 


FEVER AND INFECTIONS 
“ Toxic destruction of protein" 

During the febrile stages of most acute infectious diseases both total me- 
tabotism and nitrogen metabolism arc considerably increased (29, 68, 78,79, 
161a, 22 5, 226, 230, 31 7a, 3-15, 368). Under ordinary conditions of feeding this 
results in negative nitrogen balances with consequent waste of protein. This 
phenomenon, to which the term “toxic destruction of protein” has been applied, 
has been attributed to the combined effects of increased caloric expenditure 
and destruction of tissues. It has been claimed that the nitrogen losses could 
be prevented by the provision in the diet of a sufficient surplus of protein and 
calories, but attempts to demonstrate this have been signally unsuccessful 
(29, 68, 78, 79, 225, 226, 230, 317a, 345). In this respect these losses are quite 
similar to those observed after operations or injuries (see above). In a series 
of cases of meningococcus meningitis, Grossman, et al (164a) found that 
negative nitrogen balances were not appreciably modified by increasing dietary 
protein nor supplementing diets with intravenous injections of protein hydrol- 
ysates equivalent to 75 grams of protein daily. Nitrogen excretion rose with 
nitrogen intake. 

Protein destruction and nitrogen excretion in these diseases do not appear 
to be related to the degree of febrile reaction or the heat production which is 
directly correlated with the body temperature. Graham and I’oulton (161) 
found that exposure in a steam bath sufficiently prolonged to raise the rectal 
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temperature to 103° to 104°F. did not appreciably affect the rate of nitrogen 
excretion. In infectious diseases, moreover, the nitrogen metabolism does not 
vary directly with the temperature and often remains high for some days after 
the fever has disappeared. In the meningitis cases mentioned above (164a) 
fever was usually abolished rapidly by chemotherapy, while negative nitrogen 
balances persisted until the patients were discharged from the hospital, in spite 
of high protein, high calory diets. Patients after traumatic injuries or surgical 
operations may waste nitrogen without significant febrile reaction (164a, 
198a) and when their postabsorptive oxygen consumption is within normal 
limits (161a). 

The destruction of protein appears to parallel the intensity of the injury 
or the severity of the infection with which it is associated. It seems to be 
related to the degree of pyrexia only because in most acute infections the 
pyrexia tends to parallel the severity of the disease. For this reason it has been 
attributed to autolysis of traumatized or infected tissues. This is not an alto- 
gether satisfactory explanation. It is not quite clear why such products of 
autolysis, presumably amino acids and other derivatives of protein not dis- 
similar to digestion products, should not be utilized by the body. In point of 
fact even exogenous protein is not effectively utilized. The nitrogen losses 
apparently accompany reparative processes which must be associated with 
active synthesis; they are attended by losses of body weight that can not be 
attributed merely to destruction of tissue at the sites of injury. They are 
encountered in conditions and at times — e.g., meningitis cited above — in which 
no gross destruction or exudation is evident. 

The destruction of protein is strikingly influenced by the condition of the 
host. It is not encountered in chronic infectious diseases (164a). In pul- 
monary tuberculosis McCann (275) was able to establish positive nitrogen 
balances by giving enough calories to provide for from 70 to 140 per cent more 
than the estimated postabsorptive resting energy requirements of the patients 
ind 0.7 to 2.9 grams of protein per kilo per day. Coleman and DuBois’ (79) 
subject, Morris S., had a positive nitrogen balance during a relapse of typhoid 
fever, while taking the same diet which had yielded a negative balance during 
his initial attack of typhoid. All these patients were distinctly undernourished. 
After bums and other profound injuries, according to Brown (53a), as nutrition 
deteriorates, nitrogen losses gradually diminish; ultimately the nitrogen 
balance becomes positive and remains positive even in the face of renewed 
insults. Apparently only previously healthy well-nourisbed subjects respond 
to injuiy by wasting nitrogen; malnutrition, in this respect, as in so many 
others, seems to evoke conservative reactions. 

As yet no satisfactory explanation has been found for the toxic destruction 
of protein. It can be surmised that it denotes some aberration of protein 
metabolism, possibly the diversion to some other purpose of elements essential 
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for the formation of protein. Of this the nature of the urinary nitrogen gives 
little evidence. Although Krauss (226) claims that the urine of patients with 
typhoid fever and febrile tuberculosis contains unusually large amounts of 
amino acids, the surplus nitrogen appears chiefly in the form of urea -f am- 
monia (225, 226). 

In rats Croft and Peters (84a) were able to prevent nitrogen wastage after 
bums by the administration of methionine in addition to adequate amounts 
of protein. Whether the administration of proportional amounts of methionine 
to burned patients would be practicable or beneficial has not yet been ascer- 
tained. 


Azotemia oj injections 

In any or all severe infectious diseases high blood nonprotcin nitrogen may 
be observed (77, 141, 154, 166, 413, 419). It has, perhaps, been most often 
reported in lobar pneumonia (166, 419). In this condition it has been claimed 
that the height of the blood nonprotein nitrogen bears a relation to the severity 
of the disease and is, therefore, of prognostic significance. McIntosh and Rei- 
mann (279) found urea clearance and phenolsulfonephthalein excretion little 
reduced in pneumonia, even when blood urea was increased. They concluded 
that moderate increases of blood urea nitrogen, up to 25 to 30 mg. per cent, 
were almost entirely due to destruction of tissue proteins. Glesinger-Reischer 
and Glesinger (154) observed elevations of nonprotcin nitrogen frequently in 
patients with diphtheria without morphologic or chemical abnormalities of the 
urine to suggest renal injury. After antitoxin the nonprotcin nitrogen fell 
unless the illness was prolonged by some complication. 

If the phenomena commonly observed in severe febrile infections are thor- 
oughly considered it seems hardly necessary to assume anatomical injuryof the 
kidneys to explain increases of blood nonprotein nitrogen. In these conditions 
are frequently encountered high nitrogen catabolism and scanty urine, an ideal 
combination to promote nitrogen accumulation in the blood and tissues. One 
of the authors (318) has investigated tire relation between nitrogen excretion 
and high blood nonprotein nitrogen in a series of cases of lobar pneumonia. 
More than 40 mg. per 100 cc. was found at some time in the course of the disease 
in the blood of 11 out of 19 patients studied. If more frequent observations 
Bad been made in aff cases ft fs probable that a larger proportion at some time 
would have exhibited azotemia. The height of the nonprotein nitrogen was 
not related to the urinary abnormalities found. Values of 67 to 73 mg. per 
100 cc. were obtained from patients whose urines contained no albumin, casts 
or cells; less than 40 mg. when the urine showed considerable albumin and casts 
and some red blood cells. When the nonprotein nitrogen w as high the urine 
volume was usually low, often less than 500 cc. per day, and the nonprotein 
nitrogen fell when the volume of urine was increased by the administration 
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of larger amounts of fluid. In one patient, for example, with pneumonia due 
to a type II pneumococcus, after two days in which the urine volume had been 
only about 500 cc. a day, the blood nonprotein nitrogen was found to be 58 mg. 
per 100 cc. At the end of two more days on each of which he voided about 
1000 cc., it had fallen to 34 mg. per 100 cc., although the temperature and 
toxemia had not appreciably diminished. The concentration of nitrogen in 
the urine of the majority of these patients, during the acute stages of the disease, 
varied from 16 to 23 grams per liter. This must be taken, in itself, to indicate 
comparatively efficient kidneys. In one case the development of auricular 
fibrillation caused a sudden rise of blood nonprotein nitrogen which subsided 
rapidly under the influence of digitalis while the disease was still at its height. 
In this instance heart failure with resultant chronic passive congestion of the 
kidneys presumably acted as a contributory cause in the production of the 
azotemia. 

Although it is impossible to conclude that actual renal damage in febrile 
intoxications never plays a part in the production of the blood nonprotein 
nitrogen accumulations, it is quite evident that it seldom plays an important 
part. Prevention of dehydration and assurance of an adequate urine volume 
by the administration of sufficient fluid to provoke a urine flow of 2 to 3 liters 
per day usually prevent or eliminate such accumulations. Haden (166) sug- 
gested that the nonprotein nitrogen retention in pneumonia was a toxic mani- 
festation associated with the low serum chlorides so characteristic of the disease. 
He claimed that the administration of sodium chloride had a specific beneficial 
effect, alleviating symptoms and diminishing nitrogen retention. It seems 
quite unnecessary to ascribe the effect of salt solution to anything other than 
its influence in combatting dehydration and promoting diuresis. Such treat- 
ment, in the author’s experience, is quite as beneficial and effective in reducing 
nonprotein nitrogen in other infections in which azotemia is not associated 
with hypochloremia. 

In severe infections other than pneumonia high blood nonprotein nitrogen 
seems to be caused by the same factors: toxic destruction of protein and rela- 
tive or absolute oliguria. The effects of these factors are, of course, exaggerated 
by coincident or pre-existing heart failure or renal disease. Although the level 
of nonprotein nitrogen is not a direct criterion of the severity or prognosis of the 
disease, it is most likely to appear when toxemia is greatest. As an indication 
of dehydration it should lead to the more vigorous administration of fluids, if 
necessary, by parenteral routes. 

In none of these infectious diseases studied was fecal nitrogen found to be 
distinctly abnormal (79, 80, 225, 368). 

Gastrointestinal disorders 

Obstruction of the alimentary canal. It has been demonstrated repeatedly 
that complete obstruction of the alimentary canal at any point from the esopha- 
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gus to the rectum will cause the concentration of nonprotcin nitrogen in the 
blood to rise (S3, 82, 136, 156, 167, 168). According to McQuarrie and Whipple 
(282) and Hadcn and Orr (167, 168), in comparison with most other disorders, 
urea is less affected than undetermined nitrogen in these conditions. 

Because injections into dogs of proteoses withdrawn from obstructed intes- 
tinal loops caused fever and accelerated protein destruction Whipple and Van 
Slyke (282, 416) inferred that absorption of such products might be responsible 
for the metabolic disorders of intestinal destruction. If this is the case they 
must play a relatively minor part since azotemia develops when the site of 
obstruction is at or above the pylorus, preventing the passage of protein to, 
but not through, the intestines. The phenomena of alimentary tract obstruc- 
tion appear to be only a particular example of the effects of dehydration and 
shock. 

Increased destruction of protein has been demonstrated by a number of 
observers (82, 168, 169, 170, 282). Starvation and dehydration probably 
both contribute to produce this. That the excretory efficiency of the kidney 
is diminished was noted by McQuarrie and Whipple (282) who found the excre- 
tion of both urea and phenolsulfonephthalein to be retarded. Nevertheless 
the kidney may be able to concentrate the urine to a high degree (53, 167), 
excreting in a small volume more than the normal amount of nitrogen. Gomori 
and Podhradszky (156) attribute the renal insufficiency to simultaneous reduc- 
tion of blood pressure and hcmoconccntration together reducing filtration 
pressure in the kidney. 

The azotemia of gastrointestinal obstruction can be lessened or prevented 
by the parenteral administration of sodium chloride solution (136, 156, 170). 

Walters, Kilgore and Bollman (409) found that animals with duodenal fis- 
tulae developed chemical changes in the blood quite similar to those obsened 
after intestinal obstruction. These changes and the symptoms which accom- 
panied them were largely prevented by the administration of isotonic sodium 
chloride solution. The azotemia could be lessened without prolongation of life 
by giving isotonic glucose solution, presumably because this reduced the 
destruction of protein and at the same time promoted diuresis. 

In other surgical abdominal conditions, and especially peritonitis, high blood 
nonprotein nitrogen is encountered. Paralytic ileus and dehydration from 
vomiting contribute to this as they do in intestinal obstruction. In addition 
the underlying infection, by promoting further destruction of protein, exagger- 
ates it. The extent to which the nonprotein nitrogen is elevated in these 
diseases as in simple obstruction of the alimentary tract is to some extent a 
criterion of the seriousness of the condition. More important, however, is the 
response of the nonprotein nitrogen to operative and other therapeutic meas- 
ures. As Rabinowitch (330) pointed out, a high blood nonprotein nitrogen 
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accompanied by normal phenolsulfonephthalein excretion (and, therefore, 
not due to organic renal disease) which persists after operation, is of bad prog- 
nostic omen. It probably indicates that operation has failed to relieve the 
functional disorder. 

Persistent vomiting, even in the alsente cf alimentary tract obstruction, 
if sufficiently prolonged and severe to produce starvation and dehydration, vtilf 
raise the blood nonprotein nitrogen (318). 

Diarrhea. Because of the extreme water loss which results frcm severe 
diarrhea, dehydration may develop. If this becomes sufficiently grave the 
nonprotein nitrogen of the blood rises because urine volume is so greatly reduced 
(131, 357, 361). Here again, destruction of protein and circulatory failure 
contribute to the effects of oliguria. In Asiatic cholera the diarrhea may be- 
come so extreme that the blood becomes greatly inspissated and urine excretion 
is abolished (358). 

It was stated in the section on fecal nitrogen that severe diarrhea may inter- 
fere with the absorption‘o£ protein or cause loss of protein by way of the ali- 
mentary tract. This is not, however, an invariable rule. Schmidt (358), in 
his classical study of epidemic cholera, found little protein in the dejecta of 
patients with this disease, but large quantities in dysentery stools. One of the 
authors (318) studied for long periods a patient with profuse w-atery diarrhea 
due to tuberculous enteritis and amyloid disease. At no time did the feces 
contain excessive amounts of nitrogen. 

When pancreatic digestive enzymes are excluded from the intestine, digestion 
of proteins is impaired; unchanged muscle fibers may appear in the stools. 
According to Thaysen (398) analysis of stools for nitrogen is a more reliable 
diagnostic procedure than analysis for fat in these conditions. He considers it 
especially valuable in the differentiation of pancreatic disorders from other 
types of steatorrhea, particularly sprue. In the latter condition in his series 
of cases the feces contained much fat, but only usual quantities of nitrogen. 
This is also reported to be the case in celiac disease (361) and in obstruction 
of the common bile duct without involvement of the pancreatic duct (327). 
Nevertheless, excessive fees 1 loss of nitrogen with steatorrhea is not pathogno- 
monic of pancreatic disease. In certain inflammatory diseases of the bowel, 
such as regional enteritis and tuberculous enteritis, absorption of both fat and 
nitrogen may be impaired without evident involvement of the pancreas (318). 
The same is true of high intestinal fistulae. In these instances accelerated 
passage of food through the bowels may partly account for the failure to absorb 
protein; but improper digestion of fat seems also to have an influence. In all 
types of steatorrhea, protein wastage can be prevented only by the use of diets 
containing large amounts of protein and easily assimilable carbohydrate with 
minimal quantities of fat (318). Even in sprue it is difficult to maintain nitro- 
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gen equilibrium unless large quantities of protein and carbohydrate are given 
(399), because the inability to absorb entails the loss of so large a proportion 
of the calorics ingested. 

Heart failure 

In some cases of heart failure increased destruction of tissue protein with 
negative nitrogen balances that can not be attributed to dietary deficiency 
have been noted (120). Accelerated tissue breakdown might be expected in 
the febrite episodes of heart failure, especially after coronary occlusion when 
there are evidences of shock as well. 

The blood nonprotein nitrogen in heart failure varies greatly, depending 
upon the nature and severity of the functional disturbances that accompany 
the condition. The ability of the kidneys to concentrate nitrogen appears to 
be little impaired by heart failure (296, 310), so that the normal amount can 
usually be excreted despite the scanty urine volume. Stewart and McIntosh 
(384) found that the renal function measured by the' urea clearance was fre- 
quently low in heart failure, but not extremely reduced. Although retarded 
renal blood flow should reduce the urinary excretion of urea, Rowntree, Fitz 
and Geraghty (350) found that chronic passive congestion of the kidneys of 
dogs, produced by partial occlusion of the renal veins, had little effect on the 
blood nonprotein nitrogen, unless the obstruction was extreme. 

In coronary occlusion, when shock is added to congestion, azotemia is com- 
mon (3S1). 

When heart failure is superimposed upon some other condition that conduces 
to azotemia, the latter is greatly exaggerated. The effect of infectious diseases 
in this respect has already been noted. In nephritis (298, 422, 423) the de- 
velopment of cardiac decompensation may cause blood nonprotein nitrogen to 
rise precipitately. 

Although cardiac decompensation usually reduces the volume more than it 
does the concentration of urine, the latter sometimes falls as it does in renal 
failure (384, 406). In one case of pneumonia in the author’s series discussed 
under infections above, with auricular fibrillation, the blood nonprotein nitrogen 
was considerably elevated and the daily nitrogen excretion was small because 
of oliguria with a comparatively dilute urine. After digitalization he voided 
larger volumes of urine containing a higher concentration of nitrogen, where- 
upon the blood nonprotein nitrogen rapidly fell to normal. 

The nature of the disease which is responsible for heart failure may influence 
the tendency to azotemia (318). In uncomplicated rheumatic heart disease 
of young persons blood nonprotem nitrogen is seldom elevated except as a 
terminal event, in spite of the high grade of congestion. If the heart failure 
occurs during an acute attack of rheumatic fever, toxic destruction of protein 
caused by the infection may raise the nonprotein nitrogen slightly. In syphi- 



IDE NET llETABOUSU OT PROTEIN 


685 


Iltic heart disease with failure azotemia is somewhat more frequent, perhaps 
because circulatory failure in this condition is usually a late event. In hyper- 
tensive or arteriosclerotic heart disease with failure azotemia is often en- 
countered. This may not signify that the heart failure in these conditions 
has any distinctive features, but that the kidneys are the site of arterial changes 
which prevent them from compensating for the renal congestion. In coronary 
occlusion, also, shock may be instrumental in provoking azotemia. In bac- 
terial endocarditis the blood nonprotein nitrogen frequently rises before con- 
gestive heart failure becomes striking. Toxic destruction of protein and the 
renal lesions which are a consistent feature of the disease afford an adequate 
explanation for the azotemia. 

Diabetes mel/itus 

Diabetes appears to have no specific effect upon protein metabolism. The 
latter is influenced by the metalrolic disturbances incidental to this disease 
quite as it would be by comparable disturbances produced by other means. If 
carbohydrate can not be burned protein catabolism will be accelerated. 

Insulin has no particular influence upon either the concentration of non- 
protein nitrogen in the blood (54) or the excretion of nitrogen in the urine (230) 
unless the ability to utilize carbohydrate is impaired. Removal of the pancreas 
(111) and administration of phlorizin (146) increase the output of nitrogen be- 
cause, by interfering with the combustion of carbohydrate, they force the sub- 
ject to bum protein as it does in starvation. The nitrogen excretion, under 
these circumstances, depends upon the energy requirements and the degree of 
impairment of the capacity to utilize carbohydrate. Insulin, by correcting the 
defect, rapidly diminishes protein catabolism. 

Lauter and Jenke (230) obtained normal minimum nitrogen excretion in 
diabetic patients, with and without glycosuria, unless the subjects were unable 
to utilize enough food to meet their energy requirements. In the latter case, 
especially if ketonuria appeared, urinary nitrogen excretion increased and could 
not be reduced to normal minimal limits unless the glycosuria was controlled 
by insulin. Bartlett (30) showed that diabetic children could be maintained 
on diets containing less nitrogen than the optimum for their ages, if enough 
calories and vitamins were given and glycosuria was controlled. McClellan 
and Hannon (277) fed a diabetic adult for 106 days a diet that provided calories 
equal to 1.5 times the basal requirement and only 20 grams of protein daily. 
During the last month of the study nitrogen equilibrium was established at 
this low level with a urinary output of only 1.8 grams of nitrogen per day, as 
low a minimum as has ever been attained in a person without disease. 

In severe ketosis, especially in precomatose states, the loss of nitrogen in the 
urine may become enormous (58, 230). In this condit on patients can bum 
practically no carbohydrate and the energy values of body protein and fat are 
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greatly reduced. Both food and body substance are, therefore, sacrificed 
wasteful!}' to obtain the necessary energy. The waste is the greater because 
severe ketosis also augments the energy requirements. 

The nonprotein nitrogen of the blood of patients with uncomplicated dia- 
betes seldom rises above the upper normal limits, except in severe ketosis, 
even though nitrogen excretion may be greater than usual. Diuresis, which 
is such a constant symptom of severe diabetes, may aid the organism to excrete 
the large amounts of nitrogen produced without developing azotemia. In 
profound diabetic acidosis blood nonprotcin nitrogen may be greatly elevated 
(58, 122). There is no reason to attribute this azotemia to anything other 
than a combination of increased protein catabolism, dehydration and shock, 
the two latter precipitating renal failure. Bulger, Peters, Lee and Murphy (58) 
found that the concentrating powers of the kidneys were reduced in the most 
profound stages of ketosis. McCance and Lawrence (274) noted a gross fall 
of urea clearance. The azotemia usually disappears rapidly as the circulator)’ 
state improves and as diuresis is established by means of insulin, carbohydrate, 
salt, adequate fluids and, when shock is extreme, transfusions of blood or in- 
fusions of blood plasma. McCance and Lawrence (274) have noted that in 
some instances oliguria outlasts coma and the blood nonprotein nitrogen may 
continue to rise after diuresis has been established. They claim that this 
persistent azotemia can not be explained by circulatory collapse and dehydra- 
tion. However, in one of their illustrative cases the systolic blood pressure 
remained constantly below 100 mm. Ilg, and in another bicarbonate and 
chloride of plasma remained low throughout the period of renal dysfunction. 
More vigorous administration of saline and measures to improve the circulatory 
state might have eliminated the azotemia of these patients earlier. In elderly 
patients with arterial disease, renal involvement so slight that, under ordinary 
circumstances, it evidences itself in no gross functional defect, under the calami- 
tous impact of diabetic ketosis, may be the cause of gross renal failure. Oc- 
casionally, ketosis may be precipitated by an acute nephritis. In one such 
case, of extremely short duration, the only clues to the diagnosis were the 
appearance after recovery from acidosis, of transitory hypertension and per- 
sistence in the urine for a brief period of small quantities of protein with some 
red blood cells and casts (318). 

One of the chief symptoms of severe diabetes is wasting, in which body 
protein as well as fat may be sacrificed. The loss of tissue is the result of starva- 
tion brought about by the inability of the subject to utilize sufficient food. 
Petren (322), McClellan and Hannon (277) and others have shown that dia- 
betic patients can be maintained in nitrogen equilibrium on extremely low 
diets. This indicates no peculiar ability on the part of the diabetic to econo- 
mize protein, as has been claimed (322, 323), nor does it justify unusual restric- 
tion of protein in diabetic diets (230, 255). Lauter and Jenke (230) were 
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unable to attain any lower nitrogen minima in diabetic patients than in normal 
subjects in comparable states of nutrition. If, however, diabetic patients are 
undernourished, they share with other undernourished persons the ability to 
use protein more conservatively than persons normally nourished can. Under 
these circumstances it is possible to secure nitrogen equilibrium and even 
positive nitrogen balances with unusually low protein diets. Lauter and Jenke 
(230) claim that the low nitrogen equilibrium figures of Petren, McClellan and 
Hannon prove merely that their patients were malnourished. Such a view 
seems justified concerning the patient of McClellan and Hannon who weighed 
only 43 to 44 kilograms. 

Low protein diets have been advocated for the treatment of diabetes, largely 
on the basis of clinical experience. One subject of severe diabetes studied by 
Wilder (420) on two separate occasions developed the picture of total diabetes 
after she had received for some days diets containing 90 to 105 grams of protein 
daily, each time improving again when carbohydrate and fat of equal caloric 
value were substituted for some of the protein. Even if the r6)es of cause and 
effect were more certainly established in this case, it does not necessarily follow 
that, because large amounts of protein are harmful to some diabetics, low pro- 
tein diets are preferable for all diabetics. Lyall (255) could not satisfy himself 
that high protein diets either reduced carbohydrate tolerance or promoted 
ketosis, as Petren chimed they did. Conn and Newburgh (81) have shown 
that a high protein meal causes less hyperglycemia and glycosuria than a meal 
containing an equivalent glycogenic quantity of carbohydrate. It seems best, 
from what is known of nitrogen metabolism in diabetes, to give not less than 
the amount of protein which would be required to assure continuous nitrogen 
equilibrium and a normal state of nutrition. For an adult 1 gram per kilo of 
body weight, using for body weight not the actual weight, but the most desirable 
weight for the given patient, would appear to be a safe minimum. This will 
give the wasted patient a sufficient excess to restore depleted tissues while 
permitting reduction of obese subjects. For children the standards given in 
table 29 should be maintained. 

NEPHRITIS AND OTHER DISEASES OF THE KIDNEYS 

As in other conditions, including the normal state, in nephritis and other 
diseases of the kidney the concentration of nonprotein nitrogen in the blood 
depends not alone upon the functional efficiency of the kidneys, but also upon 
the rate of protein catabolism and the water available for urine formation. 
Any one of these factors may be sufficiently disturbed to cause nitrogen reten- 
tion. On the other hand, when one is disturbed, not too profoundly, compensa- 
tion may be established by means of the others Furthermore, equally high 
nonprotein nitrogen values may occur in acute nephritis, from which spon- 
taneous recovery is common, and in the terminal stages of chronic nephritis. 
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It is, therefore, improper to attach specific diagnostic or prognostic significance 
to the concentration of nonprolcin nitrogen in the blood at any given instant 
unless the entire clinical picture presenting itself at that moment is evaluated. 

When the excretory function of the kidneys is seriously impaired urea and 
other waste products are dammed back in the blood, causing the nonprotein 
nitrogen to rise. Of the nonprolcin nitrogenous constituents of blood, urea, 



Blood urea tJ mg per 100 ce 

Tic. 48 The quantitative relations between the nonprotein nitrogen and the urea nitrogen 
ot the plasma in a senes of cases studied by Van Sljke (403). 

creatinine and uric acid, products of catabolism, are continually poured into the 
circulation and removed by the kidneys. Their concentrations in the blood, 
therefore, increase as the excretory efficiency of the kidneys diminishes. On 
the other hand, constituents such as the amino acids, glutathione, nucleotides 
and creatine of cells are not end-products of catabolism and are, therefore, 
relatively unaffected by renal insufficiency. This discrimination in the effect 
of renal failure was noted by Mosenthal and Hiller (300). They found that 
urea, which normally constituted only about 55 per cent of the nonprotein 
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nitrogen of whole blood, in the presence of gross renal incompetence with high 
blood nonprotein nitrogen, rose so much more than other nitrogenous com- 
pounds that it made up 75 to 80 per cent of the whole blood nonprotein nitrogen. 
The quantitative relations between the nonprotein nitrogen and the urea 
nitrogen of the plasma in a series of cases studied by Van Slyke (403) is shown 
in figure 48. The average relation between the two variables is described 
by the formula 

n.p.n. *= 10 + 1.07(urea N) 

from which it may be deduced that, as the total nonprotein nitrogen rises in 
nephritis, the increment of non-urea nitrcgcn is only 7 per cent of the increment 
of urea nitrogen. 

Disturbances of nitrogen metabolism in nephritis 

Acute hemorrhagic or glomerular nephritis. In the acute stage of glomerular 
nephritis the blood nonprotein nitrogen and the ability to excrete urea may 
remain entirely normal. On the other hand the excretory,’ power may sink 
so low that blood nonprotein nitrogen rises to extreme concentrations, 100 or 
even 200 mg. per cent. Between these extremes all intermediate degrees of 
nitrogen retention may be found (405, 406). Those patients with the greatest 
tendency to edema are likely to develop somewhat less severe azotemia than 
those who early develop serious hypertension, retinitis and other evidences of 
serious cardiac and vascular disorders (18, 73, 362); but exceptions to this rule 
are common. In the majority of cases the blood nonprotein nitrogen rises to 
some extent early in the disease. Temporary elevations in the acute stage 
have no evil prognostic significance (406). The absolute concentration of 
nonprotcin nitrogen at any one time is less important than the direction in 
which it is moving. In some instances the nonprotein nitrogen may rise in the 
face of a comparatively high urinary nitrogen concentration and a negative 
nitrogen balance. The increase, in these cases, is a summation of the effects 
of impairment of renal function, insufficient urine output and increased nitrogen 
metabolism. The infection which was responsible for precipitating the nephri- 
tis may, while it is still active, be instrumental in promoting destruction of 
protein; but the rate of nitrogen metabolism is often out of proportion to evi- 
dences of infection, suggesting that nephritis itself gives rise to toxic destruction 
of protein (318). Heart failure is another common contributory cause of 
azotemia. Measurement of blood nonprotein nitrogen does not, therefore, 
afford an adequate criterion of the functional derangement of the kidneys. 
The duration of azotemia may be of some importance. Rennie (338) found 
that persistence of high blood nonprotein nitrogen after the third week of illness 
has a grave prognostic significance. 
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With subsidence of the signs of acute infection tiie nonprotein nitrogen raa\ 
fall, sometimes to normal. In a certain proportion of patients the disease 
passes into one of the phases of chronic nephritis. Sometimes during profuse 
diuresis with rapid delivery of edema, even when these are attended by general 
clinical improvement, the blood nonprotein nitrogen rises rapidly (18, 131), 
During the diuresis the rate of nitrogen excretion may increase, while the 
concentration of nitrogen in the urine remains relatively unchanged. The 
accumulation can not, therefore, be ascribed wholly to failure to sweep out 
tbe nonprotein nitrogen which the edema fluid contained, although this is un- 
doubtedly a factor. It seems necessary to postulate, in addition, in such a 
case as Atchlcy's (18), an increase of nitrogen metabolism during the diuresis. 
Kerpcl-Fronius and Butler (217) noted a somewhat similar phenomenon in 
rabbits which were given repeated doses of diuretin. This drug increased 
the excretion of water and salt far more than it did the excretion of nitrogen, 
presumably because it reduced the reabsorption of sodium and chloride without 
affecting the back-diffusion of urea (see chapter on Urea). Consequently the 
blood nonprotein nitrogen rose as the animals became dehydrated. The 
diuresis in the nephritic patients seems to have resembled that induced by 
purine or mercurial diuretics in sweeping out water and salt in greater propor- 
tions than it did urea. The clinical significance of the phenomenon lies in the 
fact that too much emphasis must not be placed upon a single high nonprotein 
nitrogen observed during or just subsequent to a period of diuresis. 

Chronic hemorrhagic or glomerular nephritis. In those types of nephritis 
which are characterized by high blood pressure, and ultimately by retinitis and 
other arteriolar phenomena as well as complete renal failure, accumulation of 
nonprotcin nitrogen in the blood is seen with the greatest frequency (39, 126, 
131, 196, 197, 240, 349, 387). In the last stages of this disease have been re- 
ported the highest blood nonprotein nitrogen concentrations recorded in the 
literature If the disease is uncomplicated the degree of nitrogen retention 
serves as an indication of the severity of the disease; but definite azotemia 
seldom occurs until the disease is well advanced. Van Slyke and associates 
(405) observed it only when the blood urea clearance had fallen below 50 per 
cent of normal, and consistently only when the clearance was less than 20 per 
cent. 

Tew patients with sustained nonprotein nitrogen ot more than WO mg. pei 
cent may be expected to survive many months (140). However, nonprotein 
nitrogen may rise far above this earlier in the disease without the same import, 
if some complication develops. The commonest complicating conditions are 
heart failure, usually connected with the hypertension, and infectious processes. 
The course of the disease is marked by highly irregular periods of remission, 
alternating with periods of advance (318). The latter may represent exacer- 
bations or recrudescences of the primary disease and are, according to Ritchie 
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(341) often accompanied by irregular fever. But even in the absence of tem- 
perature the nitrogen excretion is, at times, unaccountably large, suggesting 
“toxic destruction” of protein. 

Since, unless some complication exists, blood nonprotein nitrogen does not 
rise until the disease is far advanced, simple determination of blood nonprotein 
nitrogen is of no value for early diagnosis. This is natural if it may be inferred 
from experiments on partial removal of the kidneys that azotemia does not 
appear until more than three-fourths of the kidney substance has been de- 
stroyed. For early diagnosis determination of the blood urea clearance is of 
greater value (405). 

Before azotemia appears the ability of the kidneys to concentrate nitrogen 
in the urine diminishes (2). The concentration of nitrogen in the urine varies 
less in the course of the day and the difference between the amounts of nitrogen 
excreted during the night and during the day diminishes, a larger proportion 
than usual appearing in the urine formed during the night. For the objective 
detection of hyposthenuria, the inability to vary the concentration of the urine, 
Hedingcr and Schlayer (181) proposed the estimation of specific gravity, ni- 
trogen and a number of other functions of the urine at frequent intervals in the 
course of a day during which the patient took a constant mixed diet with a 
fixed quantity of fluid. This has been abandoned entirely for concentration 
tests in which the specific gravity of the urine alone is measured. 

The increases of nitrogen excretion and blood nonprotein nitrogen during 
exacerbations and febrile periods of nephritis have already been mentioned. 
During remissions or quiescent phases of the disease protein catabolism as well 
as total metabolism appear to be normal. Sometimes the urine contains little 
protein, sometimes proteinuria is profuse, sometimes it attains important mag- 
nitude only during exacerbations or complications. In any case the protein 
lost as such in the urine has served no useful purpose. Although it should be 
taken into account in the estimation of nitrogen equilibrium and protein re- 
quirements, it should not be considered in the calculation of protein metabolism 
from urinary nitrogen. 

Chronic nephritis, terminal stage. F.ven in the terminal stage of nephritis, 
the relation of blood nonprotein nitrogen to the clinical condition is quite 
variable. Although the blood nonprotein nitrogen is usually high, 100 to 300 
mg. per cent, or even more, those symptoms which are usually termed uremia 
may develop while the nonprotein nitrogen is normal or only slightly above the 
upper normal limit (130, 318) or may fail to appear when it is extremely high 
(133, 302). This variability is to be expected, since no known constituent of 
the nonprotein nitrogen seems to be responsible for the production of uremic 
symptoms. One of the authors (318) found 292 mg. per cent of nonprotein 
nitrogen in the blood of a patient with long standing pyloric obstruction who 
presented no symptoms suggesting uremia and no evidence of pre-existing 
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nephritis. Volbard (406) has reported concentrations almost as high in pa- 
tients with severe diarrhea. By implanting the ureters of dogs in the intestines 
so that nitrogen excreted in the urine was continuously reabsorbed from the 
gut, Bollman and Mann (43) caused the blood urea nitrogen to mount to more 
than 300 mg. per cent without the appearance of any symptoms of intoxication. 
Nevertheless, if the blood nonprotein nitrogen persists above ISO mg. per cent 
for no reason except the presence of chronic renal disease, a fatal ending is 
usually not far distant. 

In the premortal stage of the disease the blood nonprotcin nitrogen may 
mount with a rapidity unequalled in cases of urinary suppression (197, 231, 
318). At the same time the urinary nitrogen may remain unchanged or even 
increase (197, 231), unless urine flow becomes extremely restricted. This does 
not necessarily indicate that there is toxic destruction of protein. Proteinuria 
may account for some of the extra nitrogen excreted. Usually the patients 
are unable to take fluids or food by mouth in sufficient quantities; as a rule 
they vomit frequently, sometimes almost continually. They arc, therefore, 
at least partially starved and may become seriously dehydrated. The motor 
irritability and activity characteristic of the condition must also increase caloric 
requirements and will increase protein catabolism if the ability to take carbo- 
hydrate and fat is limited. 1 

The increment of blood nonprotein nitrogen is chiefly urea, but creatinine 
and uric acid also rise and Kirk (223) has seen the amino acid nitrogen rise 
within a day or two as high as 38 mg. per cent. If this increase of amino acids 
is to be attributed directly to the renal disease and not to some attendant 
hepatic disorder it would suggest that there is a true toxic destruction of protein. 

From the data cited above it is clear that the accumulation of nonprotein 
nitrogen is not the cause of the symptoms and disorders of nephritis but a rough 
indicator of the excretory efficiency of the kidney. Failure to recognize this 
has caused therapy to be directed too much to the elimination of azotemia 
to the neglect of the general clinical condition of the patient. Treatment 
should be directed chiefly to two ends: promotion of an abundant flow of urine 
and maintenance of nutrition. In severe chronic nephritis when the ability to 
concentrate nitrogen is most impaired, the influence of urine volume on blood 
nonprotein nitrogen is most apparent (135, 310, 314, 315). As a diuretic 
measure the administration of large amounts of fluid may suffice. If, because 
of vomiting or for any other reason, it is impossible to secure a large enough 
intake by mouth, subcutaneous or intravenous injections of salt and glucose 
solutions are indicated. If oliguria develops from heart failure reduction of 
fluid intake must be practised with caution. If circulator}’ compensation 
can not be effected by rest and digitalis the outlook is hopeless. Diuretics 
other than digitalis are of little value. Mercurial diuretics are dangerous, 
purine diuretics are ineffectual (74, 112), urea and ammonium salts increase 
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azotemia and the latter is likely to aggravate acidosis. Rapid increases ol blood 
nonprotein nitrogen and convulsions have been observed to follow profuse 
diuresis at times, presumably because water and salts are excreted more rapidly 
than nonprotein nitrogen and other solutes (133). If these untoward events 
are directly related to the rapid elimination of edema fluid, it should be possible 
to obviate them by giving more water during the diuresis. 

Measures aimed to promote elimination of fluid and retained solutes through 
extra renal channels are of doubtful benefit. Nitrogen excreted by the bowel 
is not usually metabolic nitrogen. The quantity of fecal nitrogen in nephritis 
is not abnormal (318) and can be increased only by provoking severe diarrhea. 
Little of the extra nitrogen in diarrhea! stools represents end products of protein 
metabolism. The concentration of urea in the feces can not exceed that in the 
blood serum. There is no evidence that other supposititious harmful substances, 
usually excreted by the kidney, can be swept out through the gut in diarrhea. 
The same can be said of diaphoretic measures. 

Bliss, Kestler and Nadler (42), by lavaging the peritoneal cavities of nephrec- 
tomized dogs with saline, were able to reduce the blood nonprotein nitrogen 
and to prolong the survival of the animals. Since urea and other nitrogenous 
compounds that are known to accumulate in the blood in nephritis are freely 
diffusible, it should be possible to reduce them by this procedure. Rhoads 
(340) treated two patients with advanced renal insufficiency by this method, 
but both died. Such an expedient is not unattended by danger and could, at 
best, serve only to tide over an acute emergency. Peritoneal lavage can not 
long act as a substitute for urination. 

Nephrosis or the nephrotic stage of glomerular nephritis. These terms are 
applied to the types or the stage of chronic nephritis characterized by profuse 
albuminuria, tendency to edema of renal origin, and reduction of serum albu- 
min, without hematuria or significant hypertension. In these conditions the 
blood nonprotein nitrogen is seldom elevated and almost never rises to the 
concentrations observed in the terminal stage of chronic nephritis (102, 240, 
362). It has been asserted that azotemia in nephrosis is proof of the presence 
of inflammatory' lesions in the glomeruli (102, 240), but this statement seems 
rather extreme. Moderate elevations of nonprotein nitrogen, up to 80 mg. per 
100 cc. of blood, have been observed by the authors (319, 321) at times, in 
patients who presented the typical picture of simple nephrosis, without hema- 
turia or other signs of inflammatory renal lesions. Azotemia is, however, far 
more frequently encountered In patients whose urines do contain red blood cells 
or leucocytes. 

High blood nonprotein nitrogen in nephrosis may result from extreme ol- 
iguria, perhaps associated with comparatively high protein catabolism. In one 
case the authors found the blood nonprotein nitrogen to be 77 mg. per cent 
when the daily excretion of nonprotein nitrogen amounted to 4.S grams in 
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250 cc. of urine. With regulation of diet, urine and blood nitrogen rapidly fell 
together before diuresis began. 

Azotemia may also occur in the terminal stages of the disease when the' 
pathologic process has progressed to destruction and scarring of the kidneys, in 
which case the clinical picture may become indistinguishable from that of other 
phases of chronic glomerular nephritis. 

Associated with the reduction of serum albumin there is usually wasting of 
tissues. Peters ct al (319) found that when patients with the nephrotic syn- 
drome were able to take high caloric diets containing large enough quantities of 
protein they retained large amounts of nitrogen over long periods without any 
rise of blood nonprotein nitrogen. This is in itself evidence that the protein 
of their tissues had been depleted. In addition, after the edema disappears 
the wasted condition becomes evident. An extreme case may be cited as an 
example. A woman who had weighed 63.6 kilograms before the onset of 
nephritis, entered the hospital 5 months later weighing 95.4 kg. After profuse 
diuresis, lasting some weeks, her weight fell to 47.7 kg. although the edema 
had not entirely disappeared, in spile of the fact that she had retained large 
amounts of nitrogen, presumably to form protein, throughout the diuresis. 

One of the causes of wastage may be found in the proteinuria. As much as 
20 to 30 grams of protein may be lost daily jn the urine of patients with the 
nephrotic syndrome. This must be regarded as nitrogen which is sacrificed 
over and above what is used in the ordinary metabolic processes. The disease 
is usually ushered in by some infection and is punctuated, throughout its 
course, by recurrences of this infection, intercurrent infections and exacerba- 
tions (sometimes termed “crises") in each of which protein metabolism may be 
increased. In most instances, also, during exacerbations of the disease appetite 
fails and gastrointestinal disturbances occur. Misdirected restriction of dietary 
protein and calories too often contributes to the malnutrition. 

The basal metabolism is usually normal or below' the normal for height, 
weight and age, even if allowance is made for edema. In the absence of fever 
or other signs of infection protein catabolism, as measured by the urinary 
excretion of nonprotein nitrogen, can be reduced to rates as low as those that 
can be attained in normal subjects (319). Positive nitrogen balances have 
been observed when the urine nonprotein nitrogen was as low as 0.0S gram 
(equivalent to 0.5 gram of protein) per kilo per day. Such results were secured, 
however, by the administration of enough protein to provide for the protein 
lost as such in the urine as well as the metabolized protein, together with 
calories far in excess of the estimated requirements. Considerably more pro- 
tein than is required to secure minimum nitrogen equilibrium can sometimes 
be given to the nephrotic patient without increasing the nonprotein nitrogen 
of either blood or urine. Persons with chronic nephrosis react like other sub- 
jects of malnutrition, in utilizing nitrogen with economy. 
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Beyond a certain limit, as the dietary protein is progressively increased, a 
larger proportion of the nitrogen from each successive increment is excreted 
in the urine. Ultimately additional increments are totally wasted. At this 
point nothing is gained by increasing the protein in the diet further. In 5 
children Farr (114) found that maximum assimilation was obtained with diets 
that contained about 3.2 grams per kilo per day. In 2 adults Liu and Chu 
(244) obtained maximum positive nitrogen balances with 2.5 and 1.8 grams 
of protein per kilo per day, respectively. 

Farr and MacFadyen (116) have noted that the concentration of amino acid 
nitrogen in the plasma of nephrotic children is peculiarly low and may drop 
even further in the exacerbations of the disease (see chapter on Amino Adds). 

The dietary treatment of nephritis and the effects of protein upon notmal and 
damaged kidneys 

Animal experiments. Because the kidneys are the only organs \s hich excrete 
nitrogenous waste products with high efficiency and because these waste 
products accumulate in the blood in advanced renal insufficiency, the impres- 
sions early arose that these waste products were the cause of "uremic” symp- 
toms and that large amounts of protein were injurious to the kidneys, especially 
when these organs were subjects of disease. 

Animal experiments indicate that excessive quantities of protein have an 
injurious effect on animals whose active renal substance has been seriously 
reduced in quantity or damaged (264). If normal rats are given for periods 
of more than a year diets in which 75 per cent of the food is composed of casein, 
their kidneys become hypertrophied (427), but are otherwise undamaged 
(205). The same diets given to rats with one kidney excised, however, in a 
short time cause glomerular and tubular damage (204, 291). Mark (264) 
reported that dogs with three-fourths of their renal tissue excised remained 
apparently normal so long as they received diets with restricted amounts of 
protein and salt; but if they were given daily a pound of meat, harmless for 
intact dogs, the blood pressure rose. 

The quantities of protein in these diets are incomparably greater than any 
taken by man. High protein diets of a less abnormal type, according to Allen 
and Mann (11), when given to rats and rabbits after unilateral nephrectomy, 
only accelerate and exaggerate the hypertrophy of the remaining kidney. 
Chanutin (71, 72) found that if five-sixths or six-sevenths of the renal tissue 
of rats was excised, the remaining kidney substance gradually degenerated. 
The rate of degeneration was proportional to the quantity of protein in the diet, 
when this was varied from 10 to 80 per cent of the \v eight of the diet. Smadel 
and Farr (118, 372) fed rats with nephritis induced by nephrotoxic sera diets 
containing 5, 18 and 40 per cent of protein in the form of lactalbumin, the caloric 
values of the diets being equalized by reciprocal variation of carbohydrate. 
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Although the general condition and nutrition of the rats receiving 40 per cent 
of protein early in the experiments were well maintained, the nephritis became 
chronic and the animals died of renal failure within 6 months. The group with 
5 per cent appeared malnourished, but all recovered from the nephritis. Most 
of the rats on 18 per cent protein survived 10 months or more, but had chronic 
nephritis. 

Certain objections can be raised to all of these experiments. In Chanutin’s 
experiments the quantity of renal tissue had been reduced almost to the mini- 
mum required for survival. In addition attention was not given to the char- 
acter as well as the quality of protein, nor to the other variables of the diet in 
the majority of these studies. Newburgh with Curtis (305) and Johnston (307) 
found that a normal rat, which can tolerate a diet with 75 per cent of casein, 
develops a nephritis when the diet contains 40 per cent of dried beef liver or 
10 to 20 per cent of sodium nucleate. Since then iL has been demonstrated 
that not only dried liver, but crude liver extracts are among the materials that 
induce in rats both fatty livers and hemorrhage and degeneration of the kidneys 
(163). While those who have approached the subject from the standpoint 
of renal function have emphasized the positively deleterious effects of protein, 
an equally large body of fact has accumulated to prove that deficiency of pro- 
tein is injurious to the kidneys, and that the effects of protein in this respect 
depend upon the quality as well as the quantity of the protein given and a 
number of other dietary factors. The subject has been discussed at length in 
connection with fatty livers in the chapter on Lipids and will be merely sum- 
marized here. All cond tions which lead to the abnormal accumulation in the 
liver of lipids deficient in lecithin and containing excessive amounts of free fat 
and cholesterol esters also cause hemorrhages in and degeneration of the kid- 
neys. The diets which produce these injuries have certain well defined charac- 
teristics. The first of these is a deficiency of choline. This can be rectified 
by the provision of methionine or other constituents that can provide methyl 
groups for the synthesis of choline. The presence in the diet of guanidoacetic 
acid or other compounds that rob choline of its methyl group aggravates the 
condition , increasing the requirement for choline or methyl donators. Cystine, 
by stimulating metabolism and promoting growth, increases the requirement 
for choline. Cholesterol also exaggerates the hepatic and renal lesions and the 
requirement for choline. Dried liver ancf crude liver extracts have a similar 
action not referable to the cholesterol they may contain. Biotin is also nephro- 
toxic. The pathological lesions are especially prone to develop if the diets 
contain large quantities of relatively highly saturated fatty acids or are so 
constituted that the animal is compelled to synthesize most or all of its fat 
from carbohydrate. They are less likely to develop and less intense if fats are 
given that con tain large proportions of highly unsaturated fatty acids. Tinally, 
they can be prevented or cured by starvation or extreme malnutrition For 
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this reason, although diets with moderate amounts of protein, but lacking pro- 
tective factors, may be highly nephrotoxic, diets containing less protein, 
though more deficient in protective factors may be less harmful to the kidneys. 
However, in this case both kidneys and liver are saved at the expense of the 
general nutrition of the animals. Before any deductions can be draw n con- 
cerning the injurious effects of high dietary protein, the experiments dealing 
with the subject will have to be reviewed in the light of this large body of evi- 
dence. There can be no doubt, moreover, that low protein diets inadvisedly 
selected may be highly nephrotoxic for rats. 

All these experiments at present suggest that there is distinct danger in un- 
balanced diets. Whatever proportion of protein may ultimately prove most 
desirable for the animal with injured kidneys, it will be well to examine the diet 
in other dimensions to insure against the omission of essential protective factors 
or the inclusion of injurious amounts of nephrotoxic factors 

Still other evidence has been adduced that all the calamitous effects of high 
protein diets of an indiscriminate character can not be attributed to the protein 
or to the amino acids it contains. Addis and Lew (3) induced acute renal in- 
sufficiency in rats by ligating the vena cava above the renal veins. The mor- 
tality was lowest when the rats were given low protein diets. It was not nearly 
so high when they were given beef as when they were given a commercial ex- 
tract of beef, although the latter contained little protein. An alcoholic extract 
of the aqueous beef extract caused no mortality at all. Finally, it was dis- 
covered that administration of potassium phosphate and potassium chloride 
in the quantities found in the beef extract was extremely toxic. From this 
Addis and Law concluded that not the protein, but the potassium salts, in 
meat were responsible for the mortality. Similar conclusions were reached 
by Bergman and Drury (40). 

It should be mentioned in passing that it has been demonstrated that clear- 
ances of creatinine and urea diminish when low protein diets are given (84, 210). 
It can not be inferred that this is a favorable or unfavorable response, nor can 
any deductions be made from these experiments about the beneficial or harmful 
influences of protein in nephritis. 

Effect of protein on renal function of humans. The clinical implications of 
these animal experiments for the problems of human physiology and pathology 
are uncertain. In normal man investigations of Eskimos indicate that high 
protein diets are not patently injurious. Living on diets composed exclusively 
of meat, with 100 to 140 grams of protein daily, according to the estimations of 
McClellan and DuBois (276), the Eskimos do not appear to be particularly 
prone to renal and vascular diseases (331, 333), although their blood nonprolein 
nitrogen is habitually higher on the average than that of people who subsist 
on diets containing less protein (333). Two white men who were observed 
for a year by McClellan and DuBois (276) while they lived on a similar diet 
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presented no evidences of renal irritation and no decrease of renal function 
detectable by measurements of urea clearance or urine specific gravity. New* 
burgh, Falcon-Lesses and Johnston (306) reported the appearance of albumin 
and casts in the urine of an adult who subsisted 6 months on a diet containing 
about 300 grams of meat protein with 80 grams in the form of beef liver. The 
urine cleared 10 days after the resumption of a mixed diet of normal com- 
position. This is an extreme experiment and must be discounted because of 
the large amount of liver included in the diet. 

Acute nephritis. In the initial stage oi nephritis the effects of varying pro- 
tein intake have not been accurately evaluated. Schwensen (363) divided 32 
patients with acute nephritis into two groups, of which one received a diet 
consisting chiefly of gruel and deficient in both protein and calories, the other 
received daily 2500 Calorics with 80 to 90 grams of protein. All the patients 
made apparent recoveries; but these on the more generous diet were able to 
leave the hospital in a shorter time, on the average, and in better general con- 
dition. No definite difference between the duration of hematuria and al- 
buminuria in the two groups could be demonstrated. Keutmann and McCann 
(220) made thorough studies of 4 cases on diets containing from40to 150 grams 
of protein per day. Studies of renal function and examinations of the urine 
indicated that a change from a low protein to a high protein diet had no im- 
mediate deleterious effects on the kidneys and the high protein diets seemed 
to improve the strength and general condition of the patients. Tarr and Van 
Slyke (119) studied 4 pairs of patients in the initial stage of nephritis. One 
of each pair was given a diet containing the minimum amount of protein re- 
quired for maintenance of equilibrium (0.5 gram per kilo for adults, 1 gram for 
small children); the other received enough to promote optimum retention; 
both were given the same adequate calories. All 4 on the lower protein re- 
covered, while the 4 on the high protein progressed to chronic nephritis. The 
series is suggestive, but too small to constitute a decisive experiment in so 
variable a disease. 

In a large proportion of cases appetite is so poor and nausea and vomiting 
so frequent during the most acute stage of the disease that the question of diet 
becomes largely philosophical. The physician is hard put to prevent serious 
malnutrition To try to force patients in this state to eat large amounts of 
protein or even high calories is clearly unwise. However, attempts should be 
made to sustain them. When this phase has passed efforts may well be di- 
rected to replace protein which has been wasted. 

The question may be raised whether the reconstitution of tissue protein can 
injure kidneys. In the majority of the experiments cited above, this question 
finds no answer because protein was given in states in which it was presumably 
completely metabolized. Under these conditions it imposes upon the kidneys 
an excretory task proportional to the quantity of protein given. But protein 
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become the compelling therapeutic indications. Elimination of the edema can 
only be effected by raising the concentration of serum albumin above 2 to 2.5 
per cent (see chapter on Serum Proteins). 

The chief cause of hypoalbuminemia appears to be proteinuria. Lyon and 
Dunlop (256) found in adults a close correlation between edema and the in- 
tensity of proteinuria. The loss of protein in the urine may exceed 30 grams 
per day and is frequently greater than 20 grams. These quantities, unless 
regenerative powers of the human arc greater in proportion to size than those 
of the dog, must severely tax or overtax the maximum capacity of the patient 
to replace albumin. Studies of Weech (410), cited above, indicate that when 
serum proteins are greatly reduced, hemoglobin and tissue proteins arc called 
upon to replace them. The serum albumin deficit, therefore, is not a full 
measure of the depletion of body protein. 

The nephrotic syndrome is usually initiated by infection, most commonly 
with an acute nephritic phase. Its course is punctuated by acute episodes, 
usually febrile, probably infectious in origin, sometimes accompanied by exacer- 
bations of the nephritic signs and symptoms. These contribute to the mal- 
nutrition, not only by increasing protein destruction, but also by destroying 
appetite and provoking gastrointestinal disorders. Even in the relath ely 
quiescent phases of the disease capricious appetite and digestion may make 
adequate feeding difficult or impossible. Too often malnutrition is further 
aggravated by injudicious treatment: the prescription of traditional low pro- 
tein diets, or failure to adapt the diet to the taste or the digestive powers of the 
patient. 

There is as yet no direct proof that restriction bf protein below the require- 
ments for optimal nutrition retards the course of renal destruction in human 
beings with chronic Bright’s disease. On the other hand, dietary restriction 
can aggravate the hypoalbuminemia, the edema, the malnutrition and weak- 
ness, invaliding patients that might be restored to usefulness. From what is 
known of the metabolism of amino acids and protein in the nephrotic syndrome, 
an adequate intake of both protein and calories is indicated. With such diets 
positive nitrogen balances can often be maintained for long periods, with de- 
livery of edema and general improvement (318, 319, 332). Although the 
minimal nitrogen requirement to meet the protein catabolism may be no greater 
than normal (319), a greater intake is needed to care for the proteinuria, and 
to repair the ravages of earlier malnutrition. In fact the b£st results seem 
to be attained if the dietary protein approaches the optimum for nitrogen 
retention (see table 29). 

The nephrotic patient, despite his malnutrition and the continuous loss of 
protein in the urine, does not appear to be able to utilize more protein than a 
normal person of the same size and age. Farr (1 14) secured maximum nitrogen 
retention in 5 nephrotic children with diets containing 3.2 grams of protein 
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per kilo. When 4 grams were given, not more, but actually less, nitrogen was 
retained. In 2 adults Liu and Chu (244, 245) obtained maximal retention 
with diets containing 1.8 and 2.5 grams of protein per kilo. 

.In spite of high protein diets and high rates of nitrogen retention, to raise 
the concentration of serum albumin is often a most difficult and tedious prob- 
lem. In addition to the albumin itself, tissue protein must be replaced. As 
albumin is built up its concentration in the serum may not rise proportionally 
because serum volume increases by the withdrawal of edema fluid from the 
tissues into the blood stream. In addition, as Bing (41) has shown, proteinuria 
increases slightly as plasma albumin rises, presumably because a constant 
proportion of the albumin of the plasma escapes into the glomerular filtrate.. 
Since this is only a fraction of the total plasma albumin, the increase of al- 
buminuria does not nullify the gain of plasma albumin. Renal function itself 
is not injured by high protein diets. In fact, Keutman, Bassett and McCann 
(219, 220) found that urea clearances rose slightly as protein in the diet was 
increased. The patient with the nephrotic syndrome, in this respect, appar- 
ently reacts like the normal subject. 

In spite of the best efforts of the physician, if the proteinuria is extreme 
and if crises and exacerbations interrupt the dietary program, it may be im- 
possible to raise the concentration of serum albumin. Nevertheless, further 
depletion may be minimized or prevented. The hope remains that spon- 
taneous improvement may occur, in which case the benefits of previous treat- 
ment are reaped in speedier recovery. 

Diuretic measures meanwhile should not be neglected, but must be employed 
with due consideration of the appetite and digestion of the patient, lest they 
interfere with dietary measures. Among the diuretics which have been ex- 
tensively used is ammonium chloride. The ammonia of this salt is converted 
to urea, which may increase the nonprotein nitrogen of the blood slightly if 
diuresis does not occur or if water is swept out in the urine more rapidly than 
nitrogen. Such rises are usually insignificant and aTe no contraindication 
to the use of the drug unless the blood nonprotein nitrogen is already con- 
stderably elevated. Urea itsell is an excellent diuretic (258, 406, 431 ), in most 
cases superior to ammonium chloride because it is less apt to cause digestive 
disturbances. As much as 40 to 80 grams per day may be given in 20 to 40 
per cent solution. Such large doses may and usually do cause the blood non- 
protein nitrogen to rise, sometimes considerably. This is not necessarily a 
contraindication to their use. It is only by virtue of the fact that urea does 
heap up to some extent in the body that it has a diuretic effect. It may, 
nevertheless, be used with caution in patients who already have azotemia, to 
avoid excessive elevation of the blood nonprotein nitrogen. There is little 
to be gained by giving it to patients with any considerable azotemia because 
their kidneys are already under maximum compulsion to excrete water. 
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Amyloid degeneration of the kidneys usually gives rise to a syndrome closely 
resembling that of nephrosis. As far as nitrogen metabolism and blood non- 
protein nitrogen are concerned, this similarity is maintained (34, 318, 435). 
In advanced stages of the disease evidences of renal insufficiency with azotemia 
may appear (34, 309, 318, 435). Usually, however, the underlying disease 
dominates the picture and terminates life before the degenerative condition 
in the kidneys has advanced to this point. Terminal rises of nonprotein nitro- 
gen are frequently referable largely to the underlying disease. 

Nephrosclerosis. In those patients in whom arteriolar sclerosis with vascular 
symptoms are the most outspoken manifestations of disease, whatever may 
have been their origin, renal failure is likely to occur comparatively late or may 
not appear at all because death from cardiac failure or vascular accidents antic- 
ipates its development. Nevertheless, when renal failure does occur, the 
metabolic and chemical disturbances that accompany it are indistinguishable 
from those seen m chronic glomerulonephritis; and the indications for treat- 
ment, as far as kidney function is concerned, are identical. Although hyper- 
tension is so frequently associated with chronic nephritis and with other chronic 
destructive lesions of the kidney, there is no demonstrable relation between 
hypertension and the accumulation of nonprotcin nitrogen in the blood. The 
hypertension may, however, be a remote contributory factor in the production 
of azotemia by precipitating heart failure. In patients with so-called benign 
hypertension or benign nephrosclerosis the kidneys seldom escape damage 
indefinitely. Impairment of function may become evident, only when heart 
failure or infection supervene (422, 423). Some cases, after maintaining for 
years the characteristics of benign hypertension, gradually or rapidly, and 
without recognizable complication, take on the aspects of “malignant hyper- 
tension’’ with increasing signs of renal failure evidenced by steadily mounting 
nonprotein nitrogen (318, 321, 406) 

Other renal conditions 

Partial hydronephrosis. Even partial obstruction of the urinary tract may 
result in impairment of nitrogen excretion by the kidneys (298, 318, 376). In 
prostatic hypertrophy or urethral stricture, for example, the blood nitrogen 
may rise when there is only moderate residual urine, not complete retention. 
Unless there is an underlying nephritis or the disease has persisted long enough 
to produce irreparable structural damage to the kidneys, relief of the obstruc- 
tion may result in the restoration of the normal blood nonprotein nitrogen 
concentration. The impairment of renal function is characterized by reduction 
of the concentrating powers of the kidney. 

Surgical conditions of the kidney. As examples of pathologic conditions that 
result in massive destruction of kidney substance may be mentioned especially 
renal tumors, tuberculosis and suppurative infections of the kidneys, pyelo- 
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nephritis, hydronephrosis, pyonephrosis, and embolic or thrombotic occlusion 
of renal vessels. In any of these one or both kidneys may be involved. Pro- 
vided heart failure, shock, dehydration, increased protein catabolism or other 
factors that can of themselves produce azotemia can be excluded, a high non- 
protein nitrogen is presumptive evidence that both kidneys have been damaged; 
even complete removal of one kidney does not cause nitrogen retention (see 
below)- Cases have been reported, to be sure, in which apparently unilateral 
renal disease has been attended by azotemia (311, 376). In these cases the 
renal lesion has usually been infectious, and after removal of the diseased kidney 
the concentration of nonprotein nitrogen in the blood has returned to nonral. 

The presence of elevated blood nonprotein nitrogen is in any case an indi- 
cation that the renal injury is serious; but must be interpreted with careful 
consideration of all attending disorders. Single observations are of limited 
value for prognosis because by overcoming dehydration, improving the circula- 
tion and thus eliciting an adequate flow of urine, it may be possible to reduce 
or e lim inate the azotemia. With acute destructive lesions, a comparatively 
low nonprotein nitrogen, which increases despite treatment, is of more serious 
import than a high nitrogen that responds to therapy. Any patient with a 
nonprotein nitrogen which is greatly increased, to 100 mg. per cent or more, 
is a grave operative risk (318, 376). In such cases most clinicians prefer, 
whenever possible, to attempt to reduce the nonprotein nitrogen by non- 
surgical or minor surgical procedures before resorting to radical operative 
measures. This policy is pursued not because the accumulation of nonprotein 
nitrogen itself has any injurious effect, but because it is one measure of the 
competence of the kidneys. 

Total ablation of renal function, however it may be produced, is succeeded 
by an increase of the nonprotein nitrogen of the blood (67, 151, 300, 302). As 
this is due chiefly to retention of waste products of protein metabolism, urea 
rises not only actually, but also relatively, more than any other constituent. 
In cases of prolonged retention or suppression of urine urea may make up 80 to 
90 per cent, instead of the usual 50 per cent, of the total nonprotein nitrogen 
(133, 300). From the quantitative data available (67, 151, 300), it can be 
estimated that the accumulation of urea is entirely referable to retention. 
Uric acid, creatine and creatinine are less consistently and regularly affected, 
perhaps because they are not in the strictest sense end products of metabolism, 
but may be oxidized or otherwise transformed in the body. The ammonia 
and amino acid fractions alone appear to be entirely unaffected by removal 
of the kidneys. Undetermined nitrogen accumulates in the blood to a slight 
extent (67, 133). 

The clinical picture that results from total ablation of kidney function is 
not identical with any syndrome encountered in nephritis. Especially is it 
distinguished by the absence of the so-called uremic symptoms. The asthenic 
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state of the anuric individual has been admirably contrasted with that of the 
patient in the premortal stages of nephritis by Foster (133) and by Volhard 
(406). So definite aro these differences that on clinical grounds alone one would 
hesitate to draw close analogies between the functional disturbances in the 
two conditions. 

Partial removal of ike kidneys. All experimental or pathologic processes 
that result in destruction of part of the kidneys, en masse, if carried far enough, 
lead to retention of nonprotein nitrogenous constituents in the blood (264, 300, 
311, 376). So great is the margin of safety of the body, however, that unless 
more than one kidney or 50 per cent of the normal renal substance is removed, 
there is only a transitory increase, no permanent gross accumulation, of non- 
protein nitrogen in the blood. 

Rhoads, Alving, Hiller and Van Slyke (339) were able, in the dog, to demon- 
stratc a 30 percent reduction in the urea clearance after unilateral nephrectomy. 
In man the same authors state that one patient, for several years after unilateral 
nephrectomy, on numerous observations bad a urea clearance 100 per cent ol 
normal. Foster (134) has reported 9 cases, with one kidney removed, who had 
clearances of 70 to 127 per cent, spanning quite precisely the normal range of 
variation. Compensation is effected in these circumstances by hypertrophy 
of the remaining kidney (11, 339). 

If much more than half of the renal substance is removed, however, excretory 
function diminishes and blood nonprotein nitrogen tends to rise. However, 
even when as much as 75 per cent of the kidney mass had been removed, Mark 
(264) was able to keep the nonprotein nitrogen within normal limits by dietary 
measures If still larger proportions of the kidneys are removed renal function 
appears to deteriorate progressively, the blood nonprotein nitrogen rising 
accordingly (71, 72, 264). 

Nephritis due to mercurial compounds. The compound which is most often 
the cause of mercury poisoning is the bichloride, taken either by accident or 
with suicidal intent. Because of its comparative solubility it is absorbed with 
great rapidity from the alimentary canal, whereas other less soluble salts — e.g., 
mercurous chloride — may be excreted by the bowel without appreciable ab- 
sorption and, therefore, have no poisonous action. Even when comparatively 
soluble mercurial compounds are absorbed in small quantities they may fail to 
produce poisoning if they are properly excreted. This is especially true of the 
mercurials which have been employed as diuretics. They usually have no 
toxic effect if they induce diuresis; hut if diuresis does not occur, fatal poisoning 
may ensue (270, 318). A large proportion of the mercury is ordinarily ex- 
creted in the urine (213). If the drug produces diuresis by inhibiting reab- 
sorption of water and salt, it does not become concentrated in the tubules; 
but if reabsorption of water and salt is not inhibited, the mercury in the tubules 
reaches a destructive concentration. Haskell (179) showed that dogs would 
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survive doses of mercuric chloride that would ordinarily prove fatal, if they 
were given large amounts of fluid just before they received the drug, or saline 
parenterally immediately after the drug was administered. 

The most striking disturbance of renal function is extreme oliguria or com- 
plete anuria, associated with necrosis of the tubular epithelium of the kidneys. 
For this reason the chemical changes in the blood are often cited as examples 
of the effects of suppression of urine. Actually they are the result of a variety 
of factors: among these are destruction of protein (67) and dehydration. 
The latter is referable to the profuse diarrhea arising from ulcerative lesions 
in the bowel, as well as persistent vomiting. The destruction of tissue and the 
dehydration may early be so severe that shock develops (320). 

Aft these factors combine to make the blood nonpiotein nitrogen rise rapidly, 
urea and undetermined nitrogen, as might be expected, being most affected 
(67, 151, 252). If the animal absorbs no fluid the rise of nonprotein nitrogen 
is accelerated; if salt and glucose solutions are given, subcutaneously or in- 
travenously, it may be somewhat delayed. 

Ultimately, unless an adequate flow of urine is established, the prognosis is 
hopeless. But, if the composition of the body fluids and the state of the 
circulation are well maintained, complete anuria for as much as a week is not 
incompatible with recovery (318, 320). If dehydration is not prevented by 
parenteral fluids, death in shock may early occur. If the fluid and salt stores 
of the body are kept replenished, but the patient does not recover, the course 
to death has the asthenic character seen after ablation of the kidneys (320). 
If urine flow is reestablished the blood nonprotein nitrogen may diminish only 
slowly, because restoration of water excretion precedes the return of concen- 
trating powers (252). Rarely a patient dies without anuria or even oliguria, 
but with azotemia (132). 

Because the concentration of nonprotein nitrogen in the blood is the resultant 
of many factors, its determination at any one time is of little prognostic aid 
(151). If there is oliguria or anuria, the response of urine volume to treatment 
is more important. If urine excretion is not abolished or when it is reestab- 
lished, the direction in which the hiooci nonprotein nitrogen is moving and the 
concentration and total amount of nitrogen in the urine are excellent measures 
of the efficacy of treatment and the ultimate prognosis. 

Experimental nephritis. The conditions produced in rats by nephrotoxic 
serum, according to the technique of Masugi resemble closely, in most respects, 
clinical nephritis (372). 

The kidneys can also be injured by a variety of drugs, chemicals, and bio- 
logical products such as mercury, arsenic and uranium salts, chromates and 
tartrates, cantharidin, and diphtheria toxin. Neither the types of lesions nor 
the functional disturbances produced by these poisons are quite similar to those 
found in clinical nephritis. Differences in the effects of these various agents 
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have been attributed to special affinities of individual poisons for particular 
functional and structural portions of the kidney without due regard to the 
fact that none of them acts on the kidney alone/ AH may cause any degree 
of impairment of renal function up to complete suppression of urine, and a 
sufficient dose of any one is followed by azotemia (25, 67, 132, 139, 142). The 
increase of nonprotein nitrogen is often exaggerated by oliguria resulting from 
dehydration or by accelerated destruction of protein (52, 299). IIow far each 
one of these factors determines the chemical picture in any given instance it is 
impossible to say because investigations have usually been confined to one 
phase of metabolism. To what extent oliguria, when it occurs, is referable to 
the renal injury is equally obscure. The degree of nitrogen retention is not 
always proportional to the severity of the intoxication (151) and, at least in the 
first few days, is not the best index of prognosis. During this period the 
systemic and extrarenal effects of the poisons are often more serious than the 
nephritis. Vomiting and complete anorexia, common symptoms after any 
of the so-called renal poisons, aid in the production of oliguria. After some 
drugs, such as mercury, diarrhea further promotes dehydration. Bang (25) 
found that chromate and tartrate were more toxic for starved than for well-fed - 
animals and that the poisonous effects of both on the kidneys were lessened 
by the administration of extra water. Mosentlial (299) noted that in moderate 
uranium intoxication rises of blood nonprotein nitrogen were accompanied by 
augmented urinary excretion of nitrogen, denoting accelerated destruction of 
protein. Only in severe poisoning did nitrogen excretion diminish. When 
the extrarenal disturbances have subsided the course of the blood nonprotein 
nitrogen aids in evaluating the extent of renal injury and the probable outcome. 

Intravascular agglutination or hemolysis oj red blood cells. Of no little clinical 
importance are the disturbances of renal function produced by agglutination 
or hemolysis of red cells in the circulating blood. Die most classical example 
of such a phenomenon is blackwater fever, but at the present time the condition 
is most commonly encountered as a sequel to transfusion with incompatible 
blood. Occasionally the disorder appears idiopathically or as a manifestation 
of idiosyncrasy to some drug. Diere is some reason to believe, indeed, that 
blackwater fever is an allergic or allergoid reaction to quinine. The charac- 
teristic symptoms and signs of the disease are chill and fever, often accompanied 
by vomiting, hemoglobinuria and oliguria. If the reaction is more profound 
there may be circulatory collapse (shock) and anuria. Subsequently, if the 
destruction of blood has been great, jaundice may appear. In most instances 
the blood nonprotein nitrogen rises, in severe cases rapidly and considerably 
(318, 408). This azotemia is a product of several factors: impairment of renal 
function, probably from injury to the renal tubules by products of the disrupted 
blood cells; increased destruction of protein from the initial toxic reaction; 
dehydration and shock. There is reason to believe that alkalinization of the 
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urine by administration of alkali in the initial stages might obviate the renal 
effects by holding the hemoglobin in the tubules in solution (23, 158), After 
the condition is established treatment must be directed toward shock and the 
restoration and maintenance of urine flow by the administration of fluids, by 
parenteral means if vomiting persists (408), If adequate diuresis is established 
the blood nonprotein nitrogen will return to the normal level, but this may be 
delayed for several days. Apparently excretion of salt and water is restored 
long before the ability to concentrate nitrogen returns. In some instances 
elevation of the nonprotein nitrogen after a “transfusion reaction” is the 
first indication that the reaction was of an agglutinative or hemolytic char- 
acter (318). 

Delayed reactions with nitrogen retention after crushing injuries, which 
have been reported especially in the present war, may be referable in some 
degree to reactions of this kind, since Bywaters (61) has reported myobemo- 
globin in the urines of patients suffering from trauma of this nature. 

Toxemias of pregnancy. Concerning the blood nonprotein nitrogen in 
toxemias of pregnancy there have been great differences of opinion. Most 
observers have agreed that in the majority of toxemias blood nonprotein ni- 
trogen remains within the normal limits for nonpregnant persons, but somewhat 
above the level commonly found in pregnancy (64, 99, 103, 113, 173, 182, 221, 
222, 422). Only occasionally are increases observed comparable to those 
encountered in nephritis. It has been claimed that nitrogen retention appears 
only in those patients who had antecedent renal disease (59, 64), that it can 
serve to differentiate types of toxemia (380, 421), and that it measures the 
severity of the toxemia (64, 380, 421). No one of these claims has been ade- 
quately substantiated or generally accepted. In general there has been the 
usual failure to appreciate that the level of nonprotein nitrogen is not deter- 
mined by the condition of the kidneys alone. In all types of toxemias the 
ability to excrete nitrogen, as measured by the rate of urea excretion, is usually 
well preserved (99, 103). The effect of extrarenal factors, such as starvation, 
dehydration, heart failure, convulsions and oliguria have received scant atten- 
tion from all investigators, although they must play no insignificant parts in 
determining the accumulation of nitrogen in the blood. Temporary increases 
referable to such disturbances are far commoner than is generally recognized 
(318). They have little significance as indications of the degree of renal dam- 
age; but serve as useful warnings that the kidneys are not functioning com- 
petently and that measures should be taken to remove the disadvantages under 
which they are suffering. Only retentions that are sustained and that persist 
after delivery can be interpreted as evidences of irremediable renal destruction. 
It is to be hoped that with better understanding of the nature of toxemias 
and wider appreciation of the physiological processes that control blood non- 
protein nitrogen, its measurement may assume a more important and useful 
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Chapter IX 


AMINO ACIDS 

INTRODUCTION' 

Amino acids are the structural units from which proteins are synthesized 
and the products into which they are resolved in the course of their catabolism. 
In addition to this the amino acids are the sources from which essential non- 
protein nitrogenous substances such as creatine, the purines and certain hor- 
mones are derived. 

In spite of the vital importance of amino acids in metabolism, their concen- 
trations in the blood in health and disease have been but little investigated 
and these scanty investigations have yielded such small returns that more 
extensive studies have been discouraged. For these disappointing results 
there are several explanations. Analytical methods for the determination of 
amino acids in biological media have, until recently, been neither altogether 
precise nor specific. They have been designed to determine the concentration 
of amino acids as a whole or certain types of amino acids. Since the concen- 
tration of total amino acids in body fluids is small and the total amino acids 
are composed of a large number of compounds, the composition of the mixture 
can vary greatly without any noticeable change in the total concentration. 
Amino acids are unevenly distributed in the media of the body and are chem- 
ically extremely reactive. Profound disturbances of the intermediary metabo- 
lism of protein and of the specialized reactions of individual amino acids may, 
therefore, produce relatively trivial changes in the pattern or concentration 
of amino acids in the blood stream. 

Nevertheless, the amino acids deserve more than passing notice in a volume 
of this kind because knowledge of their nature and metabolism is essential to an 
understanding of the intermediary metabolism of protein and of other nitrog- 
enous compounds. As this comprehension grows and technical procedures 
are refined, moreover, it may be hoped that this knowledge may be put to more 
practical use. 

THE GENERAL NATURE AND JUNCTIONS OF THE AMINO ACIDS 
Chemical structure 

All amino acids, except proline and hydroryproline, have as a common 
structural characteristic a carboxyl group attached to an aliphatic chain. In 
the alpha position, on the carbon adjacent to that of the carboxyl group, an 
amino, — NH Jf group is attached, as depicted in I. In this formula the group, 
— CH(NHj) • COOH, represents the portion which is common to all the amino 
acids and which gives them their generic properties. R, attached to the fourth 
729 
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valence of the central carbon, is different in each amino acid and confers the 
distinctive properties which differentiate it from other amino acids. 

The two amino adds, prolinc and hydroxyproVtne (see 111), form to some 
extent exceptions to these general statements about the structure of the amino 
acids. In their case the characteristic group is — HN — CII — COOH instead 
of NHj — CH — COOH and the R is represented by part of a pyrrolidine ring 
instead of an aliphatic chain These compounds, however, possess most of the 
common characteristics of amino acids which will be discussed below. In one 
respect they differ from all other known amino acids: they have no amino 
nitrogen capable of reacting with nitrous acid to evolve nitrogen gas under 
the conditions prescribed for the gasometric determination of amino nitrogen. 

Optical acthity. The «-carbon of all amino acids, except glycine, is attached 
to 4 different groups. In glycine (sec III) R represents a II atom. Therefore 
all other amino acids are chemically asymmetric and optically active. It was 
early shown by Fischer (162) that only one of the two optical isomers of each 
amino acid occurs in proteins The opposite isomer is, in certain instances 

I 

R 

I 

H,N— c— coon 

l 

H 

biologically less active. That is, it can not be utilized with the same facility 
as the natural isomer. The two isomers are apparently deaminated by sepa- 
rate enzyme systems The amino acids arc listed in table 32, together with 
data concerning the direction of their optical rotation, whether or not they are 
essential to life and their rdlcs as precursors of glucose or ketone bodies. With 
the exception of glycine, which is optically inactive, the spatial configuration 
of the groups around the alpha, or asymmetric, carbon is the same for all 
natural amino acids. This configuration is that of the l optically active mem- 
bers of the aliphatic fatty acid series, that is, the same as that of /-lactic acid 
All naturally occurring amino acids, therefore, belong to the /-family and 
with one exception, are properly referred to as /-amino acids. An exception 
has been made in the case of the natural isomer of threonine, which has been 
called d-threoninc because of its spatial relationship to the sugar, tf-threose. 
Although the a -carbon atom of threonine has the /-spatial configuration, the 
/9-caxbon of this amino add, which is also optically active has the same spatial 
configuration as the ,5-carbon atom of </-threose. 

The naturally occurring isomers of the amino acids may be either dextro- 
or le\o-rotatory and the degree of rotation — ie., specific rotation— is a char- 
acteristic physical property of each amino acid as it is for carbohydrates. In 
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older to avoid confusion with the d- and {-designations applied to their charac- 
teristic spatial configuration as amino acids, a plus or minus sign, in parenthesis, 
is added to indicate the direction of rotation. Thus, /(+ )-alanine denotes the 
spatial configuration of natural alanine and the fact that it is dextrorotatory. 

Amphoteric character and buffer action. Because it possesses both a basic 
amino group and an acid carboxyl group, an amirio acid has the power to com- 
bine with either alkali or acid; it is an amphoteric compound. The acidic and 
basic properties of the HjN — CH — COOH group, however, so nearly balance 


TABLE 32 
Auiko Acids 


AMINO ACID 

i aorvnoH 

UNNATUAAL | 

rrrmrtD 

ESSENTIAL 

cncoGiu 1 


Glycine 



0 

+ 

0 

Alanine , . . 

+ 

+ 

0 

+ 

0 

Serine 



0 

+ 

0 

Threonine .• 

4* 

0 

+ 

4* 

0 

Valine. . . . ... 

+ 

0 

+ 

+ 

0 

Leucine . . 

+ 

+ 

+ 

0 

4- 

Isoleucine 

+ 

?+ 

+ 

(+) 

(+) 

Norleucine 

+ 

? 

0 

, + 

0 

Lysine 

+ 

0 

4- 

0 

0 

Hydroxylysine 


? 

0 

? 

? 

Glutamic add 

+ 

0 

0 

+ 

0 

H> droxj glutamic acid . 



0 

+ 

0 

Aspartic acid 

+ 


0 

4- 

1 0 

Phenylalanine 

— 

+ 

+ 

? 

4- 

Tyrosine 

— 


0 

(+) 

4- 

Tryptophane 

- 

4- 

4- 

0 

0 

Histidine 

- 

+ 

+ 

4- 

0 

Arginine 

+ 

4- 

(+) 

+ 

0 

Citrulline. 


+ 

0 

+ 

0 

Methionine . 

— 

4- 

4- 

0 

0 

C> stine 

j 

0 

0 

(+) 

0 


one another that when the R group has no marked acid or basic properties 
the amino acids are practically neutral. Because the amino group is weakly 
basic and the carboxyl group weakly acid, both can act as buffers. The am- 
photeric buffer powers of the free amino acids are not of great importance 
to the organism because the concentrations of free amino acids in the media 
of the body are so small and because their greatest buffer effects are exerted 
so far from the neutral point. The amino acids, however, confer upon proteins 
amphoteric buffer powers which are of great physiological importance. 

Formation of peptide chains. The groups HjX — CH — COOH are able to 
condense with each other to form chains of indefinite length, the NH* group of 
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one link condensing with the COOH group of the next. This peptide linkage is, 
as Fischer (162) demonstrated, the principal method by which amino acids 
unite to form proteins. In II is depicted the coupling of two amino acids, 
alanine and glycine, with the elimination of a molecule of w ater, to form the 
dipeptidc, alanyl-glycine. By means of the free amino and carboxyl groups 
that this compound still possesses, it can condense with two more amino acids 
to form a tetrapeptide. This process can be continued to form chains of in- 
definite length. It is by the formation of such chains that proteins seem to be 
chiefly constructed. But a slight proportion of the nitrogen of proteins exists 
in the form of free alpha Nil* groups; these are nearly all bound in peptide 
linkages. When proteins are subjected to digestion or hydrolysis free jk-NHj 
groups can be detected in increasing numbers. 


CH, H 

HOOC — C — Nn]ll + lio'oc — C — NH, 

t I 

H It 


Alanine 


Glycine - 


CH, 

I 


HOOC — C — Nil — CO — C — Nil, + HjO 

I I 

H H 

Ahnyl-Glyrine 


In addition to these general properties which all amino acids share by virtue 
of their common terminal structure, each one has distinctive individual proper- 
ties which derive from the differentiated character of its R component. Some 
idea of the diversity of these properties can be gained from the formulae of the 
recognized amino acids in III. 

The general nature of proteins 

General structure. Proteins are essentially large aggregations of amino acids. 
The minimum molecular weight is usually given as about 16,000, cytochrome C 
being an example of this class There are, however, smaller representatives — 
e.g., secretin — which have been classified as proteins. They range from this 
magnitude upward to many millions. For example, the molecular weight of 
the tobacco mosaic virus is about -10,000,000. Svedberg has stressed the point 
that the molecular weights of many proteins are approximate multiples of 
16,000; but exceptions to this rule are common, especially among proteins of 
great molecular size. 
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The enormous molecular size of proteins has been an obstacle to analysis 
of their intimate structure. It is generally conceded that for the most part 
the amino acids are united by peptide linkage; but the shape of the proteins 
and certain reactions of their constituent amino acids has given rise to the 
opinion that there may also be anhydride rings produced by condensation of 
terminal carboxyl and amino groups of the R components of the amino acids. 
There is evidence that proteins adopt specific shapes and that their components 
have a characteristic orientation towards one another. It is difficult to con- 
ceive that a chain of great length would assume specific configuration unless 
it had intermediate junctions to anchor it. The terminals of the chains do not 
all react similarly as might be expected if they were all free. On the other 
hand, single enzyme systems or chemical processes appear to be able to resolve 
proteins into their component amino acids, which would be unlikely if the 
junctions between these acids were not uniform in nature. There can be no 
doubt that peptide linkages predominate; the burden of proof is on those who 
insist that other types of junctions are important in the structure of proteins. 
In this case the shape of the protein molecule must depend on foldings or con- 
volutions of the chains of amino acids of which they are composed. 

Analyses of some proteins have revealed that the quantities of single amino 
acids in the molecule are related to one another as small whole numbers. It 
has, therefore, been suggested that the chains of amino acids are made up of 
recurrent series of amino acids. In all of these subordinate aggregates the 
amino acids are presumed to repeat the same pattern, this orderly arrange- 
ment being one of the properties which conduces to the uniformity of shape 
of the protein as a whole. Although this may be true of certain proteins, it 
has not been established as a property of proteins in general. Present methods 
for the differential quantitative analysis of amino acid mixtures are not suf- 
ficiently precise to permit a rigid test of such a theory'. 

The size, shape and composition of proteins appear to be inalienable and 
indispensable properties. They are essential not only to the chemical integrity 
and functional utility, but even to the existence of the protein in biological 
organisms. The generalization of Osborne and Mendel (335), quoted by Rose 
(365), seems justified: “That the tissues either form a typical protoplasmic 
product, or none at all, now seems to be axiomatic in physiology.” Possible 
exceptions to this rule are noteworthy for their rarity'. Moreover, they have 
been encountered in disease, when they may be regarded as evidences of bio- 
logical disorganization. 

For more extended discussion of the structure of proteins the reader is re- 
ferred to reviews by' Bergmann (54) and Astbury (24), Niemann (332) and 
Cobn etal (114). 

The differentiation of proteins. Proteins are differentiated from one another 
in structure and composition. The simplest form of differentiation lies in the 
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nature and arrangement of the amino acids which make up the recurrent series 
of aggregates that were mentioned above. Certain proteins arc peculiarly 
rich in particular amino acids and almost lacking in others. Gliadin, for ex- 
ample, contains little lysine; zein is deficient in both tryptophane and lysine; 
arachin contains little methionine; gelatin is deficient in cystine, valine, iso- 
leucine, tyrosine, tryptophane and hydroxyglatamic acid. It was largely 
by the use of such unbalanced proteins that Osborne and Mendel in their 
pioneer explorations demonstrated the indispensability of certain amino acids. 
Although the structure of insulin has not been elucidated, it is known that its 
activity depends, among other things, upon the integrity of its disulfide groups. 

The specialized activity of other highly differentiated proteins depends upon 
the presence of inorganic elements. Sometimes these are directly incorporated 
in the amino acids that make up the proteins. The most striking example of 
this is thyroglobuh'n, the hormonal protein of the thyroid gland, in the diiodo- 
tyrosine and thyroxine of which iodine is found. In other instances a com- 
bination of a looser nature is required to confer upon the protein its unique 
functional activity. Examples of such combinations are found in the effects 
of magnesium and other metallic ions upon intracellular enzyme systems. 

In still another class of proteins specialized activity resides in the addition 
of chemical compounds of the most diverse variety. These are known as 
prosthetic groups Among such prosthetic groups are phosphoric acid, purines, 
carbohydrates, and complexes containing these compounds. Proteins of this 
type are especially common among intracellular enzyme systems. Prosthetic 
groups containing iron enjoy a unique position. The outstanding examples 
of these are hemoglobin and the cytochromes. Sometimes the specialized 
activity of such a compound depends on the specificity of both prosthetic group 
and protein; sometimes the prosthetic group can combine with a variety of 
proteins. 

The variability of proteins. Because of their large size, their highly differen- 
tiated character and their essential nature, it was long believed that proteins 
were comparatively stable, but little affected by the continuous metabolic 
activities of the bod}’. They were regarded as the structural units about 
which metabolic processes revolved, rather than active participants in these 
activities. This concept was embodied in Folin’s distinction between endog- 
enous and exogenous metabolism. According to this theory the major portion 
of the foodstuffs that entered the body — and, under ordinary circumstances, 
almost all of the protein — was immediately expended for the production of 
energy. Only a small quantity was retained to replace materials wasted in the 
inevitable wear and tear of the bodily activities. It was, presumably, the 
products of this wear and tear, the endogenous metabolism, that appeared in 
the excreta when dietary protein was reduced to a minimum and large quanti- 
ties of carbohydrate were given. The inability of animals to store appreciable 
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amounts o£ nitrogen and their tendency, under conditions of norma! nutrition, 
to establish nitrogen equilibrium regardless of the quantity of protein in the 
diet, were cited as additional reasons for drawing a distinction between exog- 
enous and endogenous metabob'sm. 

From the standpoint of overall nitrogen balances this distinction may have 
practical value. It describes the reactions of animals to variations in the 
quantities of protein and calories in their diets. With greater understan<6ng 
of the intermediary metabolism of protein, however, the theory on which the 
distinction was originally based has become increasingly less tenable. The 
proteins are now recognized to be extremely active chemical agents, not mere 
structural units. It has been discovered that the amino acids are continually 
being transformed into other nitrogenous compounds, frequently by irreversible 
reactions. Schoenheimer (391, 394) and his associates, by labeling amino 
acids, ammonia and other nitrogenous compounds with deuterium or heavy 
nitrogen or both, have shown that these elements rapidly find their way not 
only into end-products of protein metabolism, but into other amino acids and 
into the very hearts of living proteins. These large aggregates are continually 
not only interchanging terminal groups with one another and with the cpntents 
of the diet; the chains of which they are composed even break apart momen- 
tarily to permit the substitution of new amino acid links. When amino acids 
containing heavy nitrogen were given, these amino acids with N 15 were found 
in the proteins of all tissues. In addition N“ was recovered from the amino 
groups of other amino acids in proteins, from the amidine group of arginine, 
and in nonprotein nitrogenous compounds. In one series of experiments 
Schoenheimer, Ratner and Rittenberg (393) marked /-leucine with both heavy 
nitrogen and deuterium, the latter being introduced in the 0, y, and 6 positions 
(that is, in the R component of the molecule). The leucine isolated from the 
proteins of the tissues contained both and N' s , but not in the same propor- 
tions in which they had been introduced. Evidently amino groups had been 
exchanged between exogenous and endogenous molecules of leucine and these 
had been taken up indifferently by the proteins. In the same experiments 
N ,s was recovered from the amidine group of arginine in tissue proteins. In 
other experiments deuteroarginine was found in proteins after administration 
of deuteroomi thine (364). When glycine containing N IS was given simul- 
taneously with benzoic acid, the urinary hippuric acid contained only a frac- 
tion of the isotope; the remainder was found in tissue proteins and other nitro- 
gen-containing compounds (362). Glycine for the detoxification of the benzoic 
arid had, therefore, been taken from tissue proteins even when an excess had 
been given with the benzoic acid. All the animals on whom these experiments 
were conducted were well nourished adults, receiving adequate diets. They 
were, therefore, under no compulsion to call upon the amino acids in the pro- 
teins of their tissues. Although, for purposes of quantitative accounting by 
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nitrogen balances, exogenous and endogenous metabolism may be distinguished 
in the body preexisting protein and food protein are inextricably intermingled’ 
Minimum nitrogen metabolism docs not represent the inevitable waste of attri-* 
tion, but the products of indispensable activities. 

General functions of the amino acids 

Classification of the primary amino acids . The amino acids commonly recog- 
nized as those that occur-in the proteins of animals arc represented in III. 
They can be classified, according to their chemical structures and reactions, 
into several groups and subgroups. 

1. Basic amino acids or hexone bases which contain two or more basic amino 
groups to one acid carboxyl group. 

A rginine 
Citwlline 
Lysine 

Hydroxylysine 

Histidine 

2. Neutral amino acids which contain one amino group to one carboxyl group. 

A. Aromatic or ring compounds 

a) Containing the benzene ring 

Phenylalanine 

Tyrosine 

b) Containing the indole ring 

Tryptophane 

c) Containing the pyrrolidine ring 

Proline 

Hydroxyproline 

B. Containing only aliphatic chains, branched or straight. 

a) Simple 

Glycine 

Alanine 

Serine 

Threonine 

Valine 

Leucine 

Isoleucine 

Norleudne 

b) Containing sulfur 

Cystine 

Methionine 
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3. Add amino acids which contain two carboxyl groups to one amino group. 
Glutamic acid 
Hydroxyglutamic acid 
Aspartic acid 

Although this is the sum of the amino acids which are recognized as primary 
adds, numerous others are known to occur in the body. For example, there 
is inferential evidence that cysteine, homocysteine and homocystine, deriva- 
tives of cystine and methionine, are formed in the processes of intermediary 
metabolism; but the}* can not be isolated from tissue proteins or bod}' fluids, 
presumably because they are so highly unstable in these media that they do not 
accumulate in appreciable concentrations. Glutamine, a derivative of glu- 
tamic acid, is found in the blood serum. Diiodotyrosine and thyroxine are as 
truly amino acids as is their parent substance, tyrosine, and are components 
of the protein, thyroglobulin. There is no particular reason why ornithine 
should not be added to the basic amino acids if citrulline is given a place, be- 
cause it appears to be formed as an intermediary product in the cycle by which 
urea is derived from arginine. If, how ever, all the secondary or derived amino 
adds were included in the list, it would become needlesssly complicated. 

Essential and non-essential amino acids. In the list of amino acids given 
above those adds that are indispensable are italicized. It w as early discovered 
by Osborne and Mendel that the elimination of certain amino acids from the 
diets of rats prevented survival or growth, while the omission of others had no 
deleterious effect upon the bodily economy. This has led to the classification 
of amino acids as essential or nonessential. In a sense these terms are less 
than predse. Strictly speaking all amino acids are essential as structural or 
functional units of protein. Many of them, however, can be manufactured 
in the body if others are available. The essential amino adds are those which 
contribute some group or possess some structural characteristic which is req- 
uisite for vital processes and which can not be reproduced in the body from 
other materials. These must, therefore, be prodded preformed in the diet. 

At times it has been a difficult matter to adjudicate the indispensability of 
two related amino acids. The relative importance of phenylalanine and tyro- 
sine (see III) was long in doubt. So long as the only tools available were im- 
pure products, imperfect proteins and mixtures of amino acids, such problems 
were insoluble. By the use of combinations of pure amino acids. Rose and his 
associates (365) were able definitely to assign priority to phenylalanine. Cys- 
tine was once considered indispensable; this role lias now been transferred to 
methionine. In any such case, however, the dispensability of the secondary 
amino acid is only relative. If cystine is not provided in the diet, enough 
methionine must be given to furnish not only the methionine, but also the 
cystine required to meet the metabolic needs. Methionine also serves as a 
source of active methyl groups. The quantity of methionine required for this 
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purpose will depend upon the quantities of other methyl donaloTS, such as 
choline, included in the diet. 

The effect of omitting essential amino acids from the diets of animals varies 
in certain particulars according to the amino acid which is w ilhdrawn; hut there 
are certain consequences common to the omission of all essential amino acids. 
Chief of these is the inability of the animal to grow or to maintain its weight 
despite inclusion in the diet of ample calories and protein. These were the 
criteria by which the indispensability of amino acids were first determined. 
On further analysis it can be shown that nitrogen equilibrium can not be main- 
tained. The animals waste nitrogen, even if they are given more than enough 
of other amino acids to meet their net nitrogen requirements. The organism 
will not retain amino acids if it can not build them into proteins, and appar- 
ently will not form incomplete or imperfect proteins. 

Reasons for the indispensability of the amino acids lie in structural character- 
istics and chemical reactions. All are necessary for the formation of proteins. 
In addition all have specialized individual functions. They are the sources 
from which other nitrogenous compounds are fonned. Sometimes also they 
serve as sources of non-nitrogenous groups that can not be synthesized in the 
body. Methionine, for example, provides both active methyl groups and 
sul/hydryl groups. Phenylalanine supplies the phenol ring in an available 
form. It is presumably its peculiar ring formation also that gives histidine its 
essential properties. Arginine, besides its activity in the formation of urea, 
contributes the amkline group for the formation of creatine. Some of the 
reactions involved in these transformations appear to be reversible and there- 
fore entail no irrevocable losses; others can never be retraced. Among the 
latter are the reactions, phenylalanine — » tyrosine, and methionine — * cystine. 
Some ultimately lead lo metabolic dead ends with sacrifice of the products 
as waste. An example of this is found in the progression, arginine — » creatine 
— » creatinine. Lysine occupies a unique position. Its function seems to de- 
pend altogether upon its structural integrity. Unlike other amino acids it can 
not exchange its amino group; nevertheless it resembles the others in its sus- 
ceptibility to deamination. When, in the free state, it is deaminated, its life 
is ended. Its indispensabiiity, therefore, seems to depend upon its peculiar 
vulnerability. 

In some instances certain combinations of amino acids are required. If one 
or more of these is an essential amino acid it becomes the limiting factor in the 
production of this combination. For example, Briggs, Luckey, Elvehjem and 
Hart (91) have shown that the so-called vitamin B« deficiency of chicks is really 
a manifestation of a lack of arginine, glycine and cystine and can be rectified 
by administration of a mixture of these amino acids. 

The catabolism of amino acids. At all times the sum of these processes is 
expressed in a degradation of amino acids by oxidative reactions. Because the 
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body has a limited capacity for the storage of protein and nitrogenous products, 
under normal living conditions with adequate food, nitrogen intake and output 
are equal — i.e., for every gram of nitrogen ingested an equivalent amount de- 
rived from materials preexisting in the body or from the food is excreted. 
Unlike the products of catabolism of fat and carbohydrate the nitrogen is not 
excreted in a completely oxidized form; nitrates are not formed in appreciable 
quantities in the body. The major portion of the nitrogen, that which arises 
from the alpha amino groups, appears in the urine as urea. A smaller, variable 
fraction is excreted as ammonia. Fractions derived from the more specialized 
portions of the amino acids or from specialized products of amino acids are 
excreted as still less completely oxidized compounds— -e.g., creatinine, creatine 
and uric acid. A small quantity of unchanged amino acid finally leaks through 
the kidneys. 

Formation of carbohydrate and fat from amino acids. A large proportion 
of the non-nitrogenous residua of the amino acids are oxidized for energy 
production by processes described in the metabolism of carbohydrates and fats. 
These residues are capable of forming glycogen, fat and ketone bodies. The 
channels of metabolism into which they pass depend upon their structures. 
The major part can form glycogen because of the diversity of organic com- 
pounds that can be utilized for this purpose. There is not, however, perfect 
agreement upon the exceptions to this rule. The conflict of opinion depends 
chiefly upon differences in the methods used as criteria of carbohydrate forma- 
tion, which are not highly specific nor quantitatively accurate. The two 
principal procedures employed are: (1) the excretion of extra sugar by the 
phlorizinized dog; (2) the deposition of glycogen in the liver of the starved rat. 
If due allowance is made for possible species differences the first of these has 
theoretical advantages. The phlorizinized dog has not proved, however, in 
most hands as mathematically precise as its most ardent advocates have 
claimed. The starved rat, on the other hand, is open to far greater objections. 
Storage of glycogen is not the only course open to carbohydrate in this animal; 
some may be burned. In the interpretation of results much must depend upon 
the speed with which a given material is utilized in relation to the intervals at 
which the glycogen content of the liver is examined. By the rat method only 
lysine, leucine and methionine appear to be incapable of forming glycogen; 
cystine probably also belongs in this class. In the phlorizinized animal methio- 
nine and cystine have been shown to form glucose. Tryptophane and tyrosine 
are usually placed among the amino acids which do not yield carbohydrate, 
although there is some dispute about the latter. Information on proline and 
hydroxyproline is not available. It has been proved that glycogen can be 
formed in varying amounts from all the other primary amino acids. 

Since carbohydrate can be converted to fat, these same residues may be used 
to form fat by way of carbohydrate. It is, however, doubtful whether they 
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can be converted directly to long chain fatty acids; the formation of such acids 
from short chain fatty acids appears to be impossible (see chapter on Lipids). 
The fats formed from amino acids via carbohydrate can presumably be broken 
down to ketone bodies in the process of catabolism. In this indirect manner 
protein may be ketogenic. On the other hand, for reasons that have been 
discussed in the lipid chapter, the proportion of amino acid residues that can be 
directly transformed to acetoacetic acid must be small. 

Atninalion, deamination and transamination 

Throughout the life of amino acids in the body there is a constant exchange 
of amino groups. Some amino acids arc continually losing their amino groups, 
while others accept new amino groups. 

The synthesis of non-essential amino acids would be difficult to conceive if 
deamination were an irreversible process. In some instances this process can 
apparently be achieved de ttovo by the combination of ammonia with products 
of nonprotein metabolism. Krebs and Cohen (259) showed that when a-keto- 
glutaric acid and ammonium chloride were incubated with slices of kidney 
cortex or minced heart muscle, glutamic acid was formed. When heavy water 
was given to mice by Foster, Rittenberg and Schoenheimer (176) deuterium 
was recovered from glycine, leucine, tyrosine, prolinc, arginine, histidine, glu- 
tamic acid, aspartic acid, and cystine, in stable or semilabile combinations. 
Of the amino acids isolated only lysine contained no isotope. In some in- 
stances new amino acids arc formed from other amino acids. This must be 
true of the formation of cystine from methionine and of tyrosine from phenyl- 
alanine, since there are no other sources from which they can be derived unless 
they arc given in the preformed state. Other non-essential amino acids may 
be formed in a similar manner. In addition, it is evident from the experiments 
of Foster et al, cited above, that the specific structure of some of the essential 
amino acids can also be altered. 

There is much to suggest that amino acids can not be oxidized unless they 
are first deaminated. In fact, deamination may be a necessary preliminary 
to most of the reactions of which they are capable. It has already been pointed 
out that their terminal chains are relatively inactive in vitro when the amino 
acids arc linked together in proteins. Virtue and Lewis (462) found that the 
oxidation of the sulfur of cystine and of methionine was greatly impeded or 
prevented if an acetyl or benzoyl group was attached to the a-carbon in the 
place of hydrogen, a procedure that blocked the process of deamination. In 
this connection it seems significant that lysine, the only amino acid which can 
not survive deamination is the only one into which isotopic nitrogen or deu- 
terium'could not be introduced tn v no by any of the procedures employed 
by Schoenheimer and his associates (176, 355, 357, 392, 470). Stekol and 
Hamill (423) claimed that deuterium could be made to enter amino acids in 
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supposedly non-labile positions by the influence of heat and acid or proteolytic 
enzymes; but this Foster, Keston, Rittenberg and Schoenheimer (175) were 
unable to confirm. Arginine in one respect forms an exception to the general 
rule in that its amidine nucleus can both release and reassume amino groups 
without disturbing the g-amino group. These reactions, which are connected 
with the formation of urea, are, however, effected by special enzyme systems. 
. Reamination can be accomplished with the aid of ammonium salts. An 
example has already been given in the formation of glutamic acid from a-keto- 
glutarate and ammonium chloride by Krebs and Cohen (259). N 15 from 
isotopic ammonia given to rats by Foster, Schoenheimer and Rittenberg (177) 
was detected in the a-amino groups of all amino acids except lysine, and in the 
amidine group of arginine. In addition amino groups can be transferred from 
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one amino acid to another. When Schoenheimer and his associates fed ani- 
mals glycine (355), d-leucine (356), d-lysine (357), tyrosine (392), Mysine (470) 
and /-leucine (393) with isotopic nitrogen in the a-amino group, N 15 was found 
in all the other amino acids except lysine. This is to be expected since the 
primary product of deamination must be ammonia. Transamination or the 
exchange of amino groups need not he conceived as a single process, but as a 
release and reassumption of ammonia. 

The process of deamination per se may lead to the production of either a 
hydroxy- or a keto-acid corresponding to the original amino acid, by reactions 
that are depicted in IV. It has been demonstrated that both the hydroxy 
and keto forms of certain acids may be used for the formation of amino adds. 
When deutero <//-phenyllactic acid, the a-hydroxy derivative of phenylalanine, 
was given to rats by Moss (324) the D s was found in tyrosine of the tissues. 
The formation of glutamic acid from a-ketoglutarate and ammonia has already 
been mentioned (259). Keto acids, rather than hydroxy adds, appear to be 
the chief products of deamination. Bemheim, Bemheim and Gillespie (55) 
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found that these were the only products formed by kidney extracts from all 
amino acids they tested, except proline. Borek and Waelscli (72) found that 
liver and kidney -slices, when allowed to act on (//-methionine, formed chiefly 
the corresponding keto acid. A patient with phenylketonuria, studied by 
Penrose and Quastel (342) formed phcnylpyruvic acid from phenylalanine. 
Exchanges of amino acids and the rcamination of these acids by ammonia 
«eems to be greatly facilitated by the dicarbo\ylic acids, glutamic and aspartic, 
esp -dally the former. Braunslcin and Kritzmann (90) showed that these 
dicarboxylic acids can transfer their nitrogen to other o-keto acids to form 
new amino acids or, by reversing the process, can add ammonia from other 
amino adds to a-ketoglutaric to reform glutamic acid. This places glutamic 
and aspartic acids in an important position in the transfer of amino nitrogen to 
and from amino acids. In keeping with this Schoenheimer and his associates 
(394) found that the dicarboxylic amino acids of rats that had been given 
isotopic amino acids contained more N 15 than any other amino acids in the 
tissues except the one that was administered. Cohen (113), who has investi- 
gated these reactions intensively with a purified enzyme preparation, found 
that the transaminating activities of the dicarboxylic acids were limited to 
transfers involving the two following reversible reactions: 

J. /-glutamic acid + oxaloacetic arid ^a-ketoglutaric add + /-aspartic add 

2. /-glutamic acid + pyruvic add a-ketoglutanc add + /-alanine 

In this case there must be other means by which similar transfers can be effected 
between the remaining amino acids to explain the general interchanges ob- 
served by Schoenheimer. 

Although only the natural isomers of the amino acids are found in or can be 
incorporated in native proteins, the racemic isomers of a large number of amino 
acids can be utilized to a variable extent. In order that they may be used they 
must first be inverted. Inversion to the natural form almost certainly requires 
deamination of the amino acid with production of the corresponding keto acid 
and reamination of the latter. When du Vigneaud and Irish (456) fed to a 
dog the two isomers of phenylaminobutyric acid, they found that both were 
excreted in the urine as the acetyl derivative of the /-, or natural, form. With 
Schoenheimer and his group (451) they showed that when the same compounds 
were tagged with heavy nitrogen^ the acetyl product recovered from the urine 
of rats after the l- form had been given contained large quantities of N 16 , 
whereas there was little N“ in the derivative of the racemic isomer. The latter 
must have been deaminated in the process of inversion, subsequently acquiring 
an amino group from some other source. When the animals received heavy 
water at the same time, deuterium was found attached to the a-carbon, whether 
the natural or racemic isomer had been given (451). Inversion of an "un- 
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natural” isomer must, therefore, involve deamination to the corresponding keto 
acid. 

Deamination of the natural and racemic isomers is effected by different 
enzyme systems. The nature only of the system that acts on the racemic 
isomers is known. It was first demonstrated by Krebs (257) as an oxidase 
that converts the amino acids to the corresponding keto acids. Warburg and 
Christian (469) have identified the prosthetic group of the rf-amino acid oxidase 
as alloxazine-adcmne-dinucleotide, a compound of riboflavinphosphate with 
adenylic acid. Stadie and Zapp (419) have studied the kinetics of the enzyme 
system. 

Recently Blanchard, Green, Nocito and Ratner (60a) have obtained from 
kidney and liver tissue of rats an enzyme that catalyzes the oxidation of a large 
number of /-amino acids to the corresponding a-keto acids. These experiments 
indicate that all natural amino acids are not deaminated by the same reactions 
or by a single enzyme system. 

Although there is a mechanism by which racemic amino acids can be deamin- 
ized and inverted to their natural isomeric forms, the unnatural amino acids 
are not products of normal metabolism and are not all utilized to an equal de- 
gree. One, <f-Iysine, can not be used at all because, once deaminized, lysine 
can not be restored (357). The d-amino acids, in general, appear to be utilized 
with less economy than their enantiomorphs. This is to be expected, since the 
process of inversion subjects them to an extra hazard. Waelsch and Miller 
(463) analyzed for keto-acids the urines of rats that had received both isomeric 
forms of a number of amino acids. Of 12 natural isomers only /-tyrosine and 
/-lysine increased the excretion of ketoacids; on the other hand all the racemic 
isomers did. A certain proportion of the natural amino acids can be incor- 
porated directly into protein; another fraction is presumably utilized as rapidly 
as it is deaminized for the formation of other compounds. Every unnatural 
form must always undergo the preliminaiy process of deaminization and con- 
version to the corresponding keto acid before it can enter the normal chain of 
reactions. It may even be necessary that it be completely inverted. 

THE NATURE AND FUNCTION'S OF INDIVIDUAL AMINO ACIDS 

Glycine 

Glycine (see III) is the simplest of all amino acids. Since the central a-car- 
bon is combined with 2 H atoms, glycine is the only one of the amino acids 
which has not 2 isomeric forms. That it is not essential was early demonstrated 
and has been repeatedly confirmed (310). It is, nevertheless, a constituent of 
most proteins. 

Like most other amino acids glycine can be incorporated into proteins with- 
out deamination. When glycine with isotopic nitrogen was fed to animals by 
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Ratner, Rittenberg, Keston and Schoenlieimcr (355), a large fraction of N 1 * 
was found in the gl> cine of tissue proteins. Some N 11 w as recovered from the 
amino groups of all the amino acids examined and in the amidine group of 
arginine. When other amino acids or ammonia with isotopic nitrogen were 
given, N IS was found in the amino group of glycine (394). Glycine can, there- 
fore, act both as a receptor and a donator of amino groups in the process of 
transamination. It did not, however, pick up ammonia or amino groups with 
the avidity displayed by the dicarboxylic acids. 

Its origin, when it is formed de nmo is not clear. It could, of course, be 
derived from any other or-amino acid by rupture between the a and $ carbons, 
but there is no evidence that amino acids divide in this manner. Other amino 
acids do not, apparently, provide glycine for the formation of hippuric acid 
(195) or of glycocyamine or creatine (see below). It has been demonstrated 
by Abbott and Lewis (1) and by Bloch and Schocnheimcr (65, 67) that sar- 
cosine, M-methylglycine, can substitute for glycine in the formation of both 
hippuric acid ami creatine. This places sarcosine among possible precursors 
of glycine. Glycine can also be formed, but not with great efficiency, from 
glycolic acid (1, 474). Stctten (424) has also shown that betaine can give rise 
to glycine Though these are possible sources, there is no certainty that they 
are important natural sources of the amino acid. In spite of its simple structure 
glycine is either not synthesized or not liberated with unlimited facility. Aim- 
quist and Mecchi (20) found that it was not synthesized freely by young chicks. 
White (474), by diverting glycine to hippuric acid by giving large doses of 
sodium benzoate to rats, was able to check the grow th of the animals. In the 
lipid chapter it was pointed out that if cholic acid is given in large enough doses, 
a large proportion of the bile acid may escape conjugation, presumably because 
glycine and taurine can not be supplied with sufficient speed. 1 

Despite some claims to the contrary (194, 35S), there can be no doubt that 
glycine forms glycogen (101, 2%, 334, 481). It is also antiketogenic (477). 
It has been claimed that it forms glycogen less readily than alanine does (101, 
296). Olsen, Hemingway and Nier (334) assert that it promotes more than it 
participates in the formation of glycogen. Sixteen hours after feeding to mice 
glycine containing isotopic carbon in the carboxyl group they found only small 
amounts of C u in the glycogen of liver and tissues, although the former had 
increased considerably. As Wilson and Lewis (481) have pointed out, there 
is a fallacy in drawing conclusions about such transformations at arbitrary 
intervals without due consideration of rates of absorption (480) and the con- 
tinuing metabolism of the experimental animals. If glycine docs not ulti- 
mately form glycogen it must be presumed that it enters other compounds or 

1 It has been demonstrated by Shemin that l serine is converted to glycine (Shemin, D.: 

/. Biel. Chm., 1946, 162. 297). 
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that its deaminated residue can be metabolized through more than one path- 
way. For the latter alternative there is no support. Wick and associates 

(477) found that glycine had as great antiketogenic activity as equivalent 
amounts of glucose or alanine. In the experiments of Olsen, Hemingway and 
Nier (334) SO per cent of the C u was recovered in expired C0 2 . It may well 
be that this came from the combustion of glycogen which had been formed from 
glycine in the 16-hours of their experiments. 

When glycine is injected into animals only a little over 50 per cent is im- 
mediately recovered in the urine as urea; a small fraction is excreted as un- 
changed amino acid, another small fraction in other nitrogenous compounds 

(478) . Kiech and Luck (241) in experiments of this kind found that glycine 
disappeared from the blood slowly and that the urea formed exceeded the gly- 
cine utilized. They concluded that glycine accelerates nitrogen metabolism. 
Similar conclusions were reached by Lintzel and Bertram (285), from experi- 
ments in which they fed glycine to animals on protein-free diets. In these 
experiments, however, the extra nitrogen recovered in the urine can be ac- 
counted for by the glycine given. The authors seem only to have added to the 
evidence that extra amounts of single amino adds can not be utilized by animals 
which are receiving low protein diets. It has also been claimed that glycine 
does not form urea or ammonia freely. Bach (25) found that when it was 
incubated with slices of liver and kidney it did not form urea or ammonia as 
alanine did, although it was deaminated by some tissue extracts. Polonovski, 
Boulanger and Bizard (346) showed that kidney could form ammonia from 
glycine, but less rapidly than it did from alanine. Nevertheless, when isotopic 
glycine was fed to rats by Ratner et al (355) the N u rapidly appeared in 
urinary urea. Moreover it was also found in the amidine group of arginine, 
evidently on its way to urea. Since glycine exchanges amino groups readily 
with other amino acids this would have to be the case. 

Glycine tolerance tests. The deamination of amino acids has been proposed 
and utilized as a test of hepatic function. Because of its simple structure and 
innocuous character, glycine has been chosen by most investigators for this 
purpose. Jastrowitz (234), in 3908, reported that after the oral administration 
of glycine more unchanged amino acid appeared in the urines of patients with 
cirrhosis and luetic hepatitis and of animals poisoned with phosphorus or arsine, 
than in the urines of normal men and animals. Witts (482) gave 50 grams of 
glycine in 30 to 15 per cent solution by mouth to normal persons and patients 
with various diseases, thereafter analyzing the blood at intervals for sugar, 
amino acids and urea. He was unable to demonstrate any clear differences 
between the curves of amino acid and urea nitrogen in normal persons and those 
with diseases of the liver. He concluded that the procedure was of no value 
as a test of liver function. More recently a number of observers (215, 222, 247) 
have injected glycine intravenously in an effort to avoid irregularities of ab- 
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sorption. Although it has been claimed that the test is a useful diagnostic aid 
(215, 222), it appears to be quite insensitive. Kirk (247) found that after the 
intravenous injection of 25 grams of glycine the blood amino acids of patients 
with liver disease sometimes rose higher and remained elevated longer than 
those of normal subjects, but the deviations were not consistent nor striking. 
He did note a distinct delay in deamination in some patients with advanced 
nephritis. Erf and Rhoads (150) reported some delay also in patients with 
sprue and with pernicious anemia. 

In addition to the general reactions which it shares with other amino acids, 
glycine has certain specific functions. It may be its diversion to these activities 
that makes it appear inferior to alanine and other simple amino acids in its 
ability to form glucose and urea and to perform its other general functions. 

Hippuric acid formation. The first of these special functions is sometimes 
spoken of as detoxification. More specifically it is the combination with other 
substances, usually organic acids. The classical example of such a reaction 
is the conjugation of glycine with benzoic acid to form hippuric acid. If ben- 
zoic acid or one of its salts is given by mouth or parenterally to an animal only 
a part of it is excreted as benzoate; the major portion is converted to hippuric 
acid, in which form it may be recovered from the urine. Hippuric acid is 
formed from benzoic acid by conjugation of the latter with glycine: 

C«ir» COOH + IIjN CII, COOH - C. H, -CO-NII CII, COOII + H,0 
Benzoic acid + Gl> cine ■= ILppuric acid 

The failure to recover hippuric acid from the blood of nephrectomized ani- 
mals who had received benzoic acid and glycine led earlier observers to conclude 
that this conjugation took place in the kidneys (29, 95, 244). This opinion was 
strengthened by the discover}- that after administration of benzoates less hip- 
puric acid was excreted by patients and animals with nephritis than by normal 
subjects (227, 263, 472). The ability to excrete hippuric acid after adminis- 
tration of benzoates was therefore recommended and employed as a test of renal 
function (244, 460). For this purpose it proved in no respect superior to other 
simpler procedures 

With the introduction of more refined analytical techniques it was discovered 
that the blood of patients with nephritis and of nephrectomized animals after 
the administration of benzoate did contain hippuric acid (243, 413). It has 
now been established that hippuric add is formed chiefly in the li\ er (183, 265). 
In vitro, according to Eorsook and Dubnoff (74), benzoic acid is conjugated 
with glycine by both liver and kidney of guinea pigs, rabbits and rats; but only 
by kidney of dogs. The excretion of hippuric acid after the administration of 
sodium benzoate has been widely utilized as a measure of hepatic function. 
The benzoate has usually been given by mouth. The procedure most generally 
employed is that devised by Quick (351): the urine, collected for 4 hours after 
administration of 6 grams of sodium benzoate, is analyzed for hippuric acid. 
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Normal persons excrete in the urine 3 grams or more of hippuric acid. The 
test has met with considerable approval (81, 255, 414); but has certain objec- 
tionable features. Because the sodium benzoate is given by mouth the test is 
invalidated by conditions in which absorption from the alimentary tract is 
impaired. This objection has been met by intravenous injection of the drug. 
Quick (352) has recently proposed measurement of the hippuric acid excreted 
in the urine onfc hour after the intravenous injection of 1.77 grams of sodium 
benzoate. The urine of a normal person should contain not less than 1 gram 
of hippuric acid, under these circumstances.' Although this avoids errors from 
variations in the rate of absorption of the benzoate; it does not obviate the more 
serious source of error, the influence of renal function. Since impairment of 
renal function retards the elimination of hippuric acid, the test is reliable only 
if the kidneys are known to be sound. Quick is inclined to minimize this 
feature on the ground that the kidneys normally excrete hippuric acid twice as 
fast as it can be formed from benzoic acid (400). Nevertheless, those who have 
used the test extensively have found excretion of hippuric acid retarded in 
patients with renal disease (255, 284). Kohlstaedt and Helmer (255) have 
suggested, as a means of evading this difficulty, simultaneous measurement 
of the urea clearance. This, however, serves only as a rough means of check- 
ing the reliability of the hippuric acid test; it does not provide any means for 
the correct evaluation of the test if renal function is impaired. Machella, 
Helm and Chomock (294) have shown that the excretion of hippuric acid varies 
with the volume of the urine. This effect is so great that a low value in some 
patients with hepatic disease could be increased to normal or above by the 
induction of water diuresis. In the last analysis the hippuric acid test measures 
only one specific function of the liver. It is not, therefore, consistently de- 
ranged by all parenchymatous affections of the liver (11, 2S4). Montes, 
Teague and Nelson (321) have reported that hippuric acid formation in rats 
is not diminished by carbon tetrachloride poisoning. Fouts, Helmer and Zer- 
fas (179) claim that the hippuric acid test gives low values in pernicious anemia. 

Formation of glycocholic acid. Glycine is also conjugated with cholic acid 
to form glycocholic acid, one of the chief bile acids. This subject is discussed 
in the chapter on Lipids. 

Formation of guanidoacclic acid (glycocy amine). It has long been recognized 
that guanidoacetic acid is the only substance which, when given to an animal, 
definitely increases the formation of creatine (see chapter on Creatine and 
Creatinine). Borsook and DubnofI (77) have shown that guanidoacetic acid 
is formed from glycine 4* arginine by kidney tissue in vitro, but not by liver 
or heart muscle. Furthermore, they found that the excretion of guanidoacetic 
acid in the urine is increased by the administration of gelatin or of arginine + 
glycine to humans (79). Du Vigneaud, Cohn et al (452) have demonstrated 
that the guanidoacetic acid thus formed can be methylated by either choline 
or methionine to form creatine. This reaction, according to Borsook and 
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Dubnoff (75, 76, 77), can be demonstrated with liver tissue, but not kidney, 
in vitro. Bloch and Schocnheimer (65, 66) by means of isotopic nitrogen have 
proved that glycine forms the carbon skeleton of creatine, the guanidine frac- 
tion being derived from arginine. Tyrosine and leucine could not substitute 
for glycine in tins respect (65). The subject is discussed further in the sections 
on arginine and methionine and in the chapter on Creatine and Creatinine. 

Formation of glutathione. Glycine also unites with cysteine and glutamic 
acid to form glutathione. When glycine containing isotopic nitrogen was fed 
to rats and rabbits by Waclsch and Rittcnberg (464) glutathione took up the 
isotopic glycine even more rapidly than the proteins of the tissues did. The 
reaction by which glutathione is formed from glycine appears to be irreversible. 
When benzoic acid was given with isotopic glycine, Waclsch and Rittenberg 
(464) recovered more N ,s from hippuric acid than from glutathione. If the 
glycine of hippuric acid had been secured through the intermediary formation 
of glutathione these proportions should have been reversed. The formation 
and functions of glutathione ate discussed fuither in the sections on cystine 
and on glutamic acid, below. 

Glycine can also be used for the formation of ethanolamine (424). 

Alanine 

Alanine, a-aminopropionic acid (see III), is in many respects the most un- 
differentiated of the amino acids, in both structure and function. Its chief 
distinction, perhaps, lies in the fact that its corresponding keto acid is pyruvic 
add, which links it with the metabolism of carbohydrate. The natural isomer, 
f(+)-alanine, is a normal constituent of most proteins. 

That alanine is not essential for growth or maintenance is well established 
(196). Its synthesis has been demonstrated, not only by growth experiments, 
but with tissue slices in vitro Braunstein and Kritzmann (90) have shown 
that it is formed by muscle tissue from pyruvic acid with the aid of glutamic 
add (see section on glutamic acid below). 

It is claimed that the two isomers of alanine can be utilized. This follows 
from the fact that /(+)-alanine can be formed from d {-~ )-alanine by the action 
of the d-amino add oxidase (44). This enzyme system, first discovered by 
Krebs (259), oxidizes alanine to pyruvic acid (469). 

CHi • CH(NHj) ■ COOH + 0, + H,0 = CH, CO COOII + IfiO + NH, 

Alanine Pyruvic add 

The pyruvic add thus formed can be reaminated to form the natural isomer, 
with the aid of glutamic acid, by the process mentioned above. 

It is generally agreed that alanine forms glycogen (101, 295, 296, 481) and 
that it is antiketogenic (477). It is, however, claimed that the two isomers 
differ in their glycogenic powers. Earlier investigators, working with phlori- 
zinized dogs, recovered enough glucose in the urine to account for all the dir 
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alanine fed (361). If glycogen is an obligatoiy intermediate step in the forma- 
tion of glucose, this means that the whole of both isomers must be converted 
to glycogen. When, however, di-alanine and Z(-f )-alanine were fed to rats by 
Butts, Dunn and Hallman (101), more glycogen was found in the livers after 
the natural isomer. Indeed, almost none of the d(— )-alanine appeared to form 
glycogen. MacKay, Wick and Baruum (295), in similar experiments, gave rats 
equimolecular quantities of /(+)-, d(— )-, and di-alanine. The first and last 
of these seemed to form equal amounts of glycogen, while the second formed 
far less. The authors concluded that both isomers could be converted to 
glycogen, but that the racemic isomer was converted more slowly than the 
natural isomer. Consequently, when large amounts of the former were given 
a considerable proportion was excreted before it could be converted. On 
theoretical grounds, if both isomers form pyruvic acid when they are deami- 
nated, both should be treated in the same manner. Besides, the explanation of 
MacKay et al does not account for the excretion of all the glucose that could 
be derived from alanine by the phlorizinized dog. The technique utilized by 
Butts and by MacKay does not permit the exact measurement of the amounts 
of glycogen formed. Differences in the rate of glycogen formation by this 
technique would manifest themselves as differences in the quantity formed. 
The evidence, on the whole, indicates that the deaminated residues of both 
isomers can form glycogen. 

Both isomers form ammonia and urea with great facility in vitro (25) and 
in vivo (241, 267). When Kiech and Luck (241) injected d/-alanine into rats it 
disappeared quite rapidly from the blood and tissues, but only 50 per cent of its 
nitrogen was immediately recovered as urea. On the other hand, Leighty and 
Corley (267) recovered in the urine of dogs, as urea, nitrogen practically equiva- 
lent to all the <?/-alanine they injected. 

On the whole alanine, besides its participation in the formation of proteins, 
appears to act chiefly as an intermediate metabolic product, the most mendi- 
cant of the amino acids. 


Serine 

Serine, a-a.mino-fi-hydruxyprvpionie acid (see III) is not essential lor growth 
or maintenance (310). Its mode of synthesis, activity in transamination and 
the inversion of its racemic isomer have not been specifically investigated. 
From the proportions of N 13 recovered from the urine of rats after the adminis- 
tration of isotopic rff-serine Stetten (425) concluded that d-serine must be im- 
perfectly utilized. Chargaff and Sprinson (108) have shown that when acted 
upon by cell-free liver extracts it gives rise to pyruvic acid. It is natural, 
therefore, that it should form glycogen when given to rats (100).* 

In addition to these general activities, serine has certain specialized functions. 

* Recent studies hy Artora, C., Fishman, \V. II., and Morehead, R. P. (Fed. Proc., 
1945, 4, 81) indicate that these injurious eflccts are referable entirely to the rf-serme which 
can not be utilized. 
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DubnoC (75, 76, 77), can be demonstrated with liver tissue, but not kidney, 
in vitro. Bloch and Schoenheimer (65, 66) by means of isotopic nitrogen have 
proved that glycine forms the carbon skeleton of creatine, the guanidine frac- 
tion being derived from arginine. Tyrosine and leucine could not substitute 
for glycine in this respect (65). The subject is discussed further in the sections 
on arginine and methionine and in the chapter on Creatine and Creatinine. 

Formation of glutathione. Glycine also unites with cysteine and glutamic 
acid to form glutathione. When glycine containing isotopic nitrogen was fed 
to rats and rabbits by Waelsch and Rittcnbcrg (464) glutathione took up the 
isotopic glycine even more rapidly than the proteins of the tissues did. The 
reaction by which glutathione is formed from glycine appears to be irreversible. 
When benzoic acid was given with isotopic glycine, Waelsch and Rittenberg 
(464) recovered more N 15 from hippuric acid than from glutathione. If the 
glycine of hippuric acid had been secured through the intermediary formation 
of glutathione these proportions should have been reversed. The formation 
and functions of glutathione ate discussed further in the sections on cystine 
and on glutamic acid, below. 

Glycine can also be used for the formation of ethanolamine (424). 

Alanine 

Alanine, a-aminopropionic acid (see III), is in many respects the most un- 
differentiated of the amino acids, in both structure and function. Its chief 
distinction, perhaps, lies in the fact that its corresponding keto acid is pyruvic 
acid, which links it with the metabolism of carbohydrate. The natural isomer, 
/(+)-alanine, is a normal constituent of most proteins. 

That alanine is not essential for grouth or maintenance is well established 
(196). Its synthesis has been demonstrated, not only by growth experiments, 
but with tissue slices tn vitro. Braunstcin and Kritzmann (90) have shown 
that it is formed by muscle tissue from pyruvic acid with the aid of glutamic 
acid (see section on glutamic acid below). 

It is claimed that the two isomers of alanine can be utilised. Tins fallows 
from the fact that /(-f-)-alanine can be formed from d(— )-a!anine by the action 
of the d-amino acid oxidase (44). This enzyme system, first discovered by 
Krebs (259), oxidizes alanine to pyruvic acid (469). 

CYb-CHlNHi) COO <H + 0, + 11,0 = CH, CO CDOH + «tO + "Nil, 

Alanine Pyruvic add 

The pyruvic acid thus formed can be reaminated to form the natural isomer, 
with the aid of glutamic add, by the process mentioned above. 

It is generally agreed that alanine forms glycogen (101, 295, 296, 481) and 
that it is antiketogenic (477). It is, however, claimed that the two isomers 
differ in their glycogenic powers. Earlier investigators, working with phlori- 
zinized dogs, recovered enough glucose in the urine to account for all the dl- 
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alanine fed (361), If glycogen is an obligatory intermediate step in the forma- 
tion of glucose, this means that the whole of both isomers must be converted 
to glycogen. When, however, (//-alanine and /(-f )-alanine were fed to rats by 
Butts, Dunn and Hallman (101), more glycogen was found in the livers after 
the natural isomer. Indeed, almost none of the d(— )-alanine appeared to form 
glycogen. MacKay, Wick and Bamum (295), in similar experiments, gave rats 
equimolecular quantities of /(+)-, d(— )-, and di-alanine. The first and last 
of these seemed to form equal amounts of glycogen, while the second formed 
far less. The authors concluded that both isomers could be converted to 
glycogen, but that the racemic isomer was converted more shwly than the 
natural isomer. Consequently, when large amounts of the former were given 
a considerable proportion was excreted before it could be converted. On 
theoretical grounds, if both isomers form pyruvic acid when they are deami- 
nated, both should be treated in the same manner. Besides, the explanation of 
MacKay et al does not account for the excretion of all the glucose that could 
be derived from alanine by the phlorizinized dog. The technique utilized by 
Butts and by MacKay does not permit the exact measurement of the amounts 
of glycogen formed. Differences in the rate of glycogen formation by this 
technique would manifest themselves as differences in the quantity formed. 
The evidence, on the whole, indicates that the deaminated residues of both 
isomers can form glycogen. 

Both isomers form ammonia and urea with great facility in vitro (25) and 
in vivo (241, 267). When Kiech and Luck (241) injected di-alanine into rats it 
disappeared quite rapidly from the blood and tissues, but only 50 per cent of its 
nitrogen was immediately recovered as urea. On the other hand, Leighty and 
Corley (267) recovered in the urine of dogs, as urea, nitrogen practically equiva- 
lent to all the di-alanine they injected. 

On the whole alanine, besides its participation in the formation of proteins, 
appears to act chiefly as an intermediate metabolic product, the most mendi- 
cant of the amino acids. 


Serine 

Serine, a-amino-jS-hydroxypropionic acid (see III) is not essential for growth 
or maintenance (310). Its mode of synthesis, activity in .transamination and 
the inversion of its racemic isomer have not been specifically investigated. 
From the proportions of N ,s recovered from the urine of rats after the adminis- 
tration of isotopic d/-serine Stetten (425) concluded that d-serine must be im- 
perfectly utilized. Chargaff and Sprinson (108) have shown that when acted 
upon by cell-free liver extracts it gives rise to pyruvic arid. It is natural, 
therefore, that it should form glycogen when given to rats (100).* 

In addition to these general activities, serine has certain specialized functions. 

1 Recent studies t>y Artom, C., Fishman, W. II., and Morehcad, R. P. (Fed. Proc., 
IMS, 4, 81) indicate that these injurious effects are referable entirely to the d-serine which 
can not be utilized. 
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One of these is the formation of one of the fractions of cephalin, phosphatidyl 
serine, first isolated by Toldi (164). Stetten (425), by feeding serine with 
isotopic nittogen to rats, showed that the amino acid was directly incorporated 
into the cephalin fraction. In addition N u was recovered in ethanolamine, 
indicating that serine can be decarboxylated to form this compound. It follows 
that lesser amounts were found in choline, since this can be synthesized by 
methylation of ethanolamine. In other experiments Stetten and Grail (426) 
found that administration of serine caused the accumulation in the livers of rats 
of excessive quantities of cephalin. I’erlman, Stillman and Chaikoff (343) 
noted that serine docs not, like those compounds which primarily increase 
lecithin, accelerate the turnover of lipid phosphorus in the liver. Possibly 
connected with its action upon the formation of cephalin is the observation by 
Fishman and Artom (163) that excessive amounts of serine cause rats to die 
with anorexia, albuminuria, peripheral circulatory failure, congestion of liver 
and lungs and severe damage to the renal tubules, (For further discussion 
of this subject see the chapter on Lipids.) (See footnote, p. 751.) 

After feeding isotopic serine to rats Stetten (425) also identified considerable 
amounts of N 15 in cystine, from which he inferred that the carbon chain of 
serine can be converted to cystine. Brand and Cahill (84), however, w§re not 
able to increase the urinary cystine of a patient with cystinuria by the adminis- 
tration of serine. Binkley and du Vigneaud (59) showed that cysteine is 
formed from homocysteine and serine by liver tissue of rats in tilro. Without 
the presence of serine homocysteine is relatively ineffective. Subsequently, 
by feeding rats methionine containing heavy sulfur, S*\ and C' 1 in the /9 and y 
positions, du Vigneaud and associates (456a) showed that 80 per cent of the 
sulfur, but none of the carbon of cystine was derived from methionine. They 
were forced to the conclusion that methionine contributed only its sulfur to 
cystine, the remainder of this amino acid being formed from some other source, 
probably serine * 

Threonine 

Threonine, a-amino-0-hydroxy-n-butyric acid (see III), was discovered and 
isolated in pure form by McCoy, Meyer and Rose (309) in 1935. It is a general 
constituent of proteins and essential for grout h and maintenance of animals. 
In fact it was discovered in the search for an explanation of the observation 
that life could not be maintained with mixtures of all the other known amino 
acids in pure form. Its indispensability for man has also been established 
(370). Removal of this amino acid from the diets of young men was followed 
by a pronounced negative nitrogen balance. 

The specific rfile which threonine plays and the reasons for its indispensa- 
bility have not been ascertained. It can both form glycogen and diminish 
kelonuria in rats (197). 

• It has been shown by Shemin that l serine is converted to glycine (She min, D.; J. Biot. 
Chm., 19-56, 162, 297), 
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Chemically it is a peculiarly intriguing compound because, owing to the fact 
that both the a- and the /5-carbons are asymmetrical, it has four isomers: 
</(—)- and J(+)-threonine and d(— )- and /( 4 -)-allothreonine, Of these four, 
it has been established by West and Carter (471), only d(— )-threonine 4 will 
support the growth of rats on an otherwise adequate diet, a remarkable example 
of the peculiar specificity of biological enzyme systems. Failure of the other 
isomers to support growth does not exclude the possibility that they may be 
deaminized and utilized for other purposes. According to Hall, Doty and 
Eaton (197) df-allothreonine forms glycogen and abates ketosis in the rat quite 
as effectively as {//-threonine does. If this is true the impediment to inversion 
must He, not in the deamination, but in the reamination, process. 

Chargaff and Sprinson (108) have shown that cell-free liver extracts form 
or-ketobutyric acid from threonine. 


Valine 

Valine, o-amino-/3-methyl butyric acid (see III), in spite of its relatively 
simple structure, has been proved by Rose and Eppstein (368) to belong, with 
threonine, among the essential amino acids. The reason for its indispensability 
is likewise unknown. Its omission from the diet of rats, however, gives rise to 
a rather specific train of symptoms. Besides the nutritive failure and loss of 
appetite that accompany most amino acid deficiencies, the animals develop 
extreme hyperesthesia and muscular discoordination. Removal of valine 
from the diets of human subjects results immediately in a negative nitrogen 
balance (369). 

Of the two isomers, only the natural /-valine sustains growth (365). Accord- 
ing to Leighty and Corley (267) only the natural isomer forms urea. On the 
other hand, Waelsch and Miller (463) recovered the corresponding keto acid 
in the urine when d/-valine was given to rats'. This they attribute to the 
racemic isomer, which would indicate that it is deaminated. 

Snyder and Corley (416) from a study of a large number of amino acids have 
concluded that d-amino acids can not be deaminated if one of the H-atoms on 
the /3-carbon is replaced by either a methyl or a hydroxy] group. This would 
explain the inability to utilize both d-threonine and d valine. 

Butts and Sinnhuber (103) have reported that d/-valine forms liver glycogen 
and alleviates ketosis. In the phlorizinized dog, according to Rose, Johnson 
and Haines (371) it forms glucose, but no ketone bodies. 

Leucine, isoleucine and norleudne 

Of these three closely related compounds, leucine, a-a mi n 0 - 7 - me thyl- valeric 
acid, and isoleudne, a-amino-/3-methyl-vaIcric acid, are essential; while ttor- 

1 The natural isomer is named <f-threonine, because the spatial configuration of the /J-carbon 
is that of the sugar, d-threose. 
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leucine, a-amino-caproic acid is not essential for growth and maintenance of 
animals (487, 488). For a time, indeed, the existence of norleucine as a natural 
constituent of protein was questioned (125). Rose, Haines, Johnson and 
Warner (370) have shown that leucine is essential for man. The special func- 
tions of leucine and isoleucine and the reasons for their indispensability are not 
known. 

Rose (365) claims that the racemic isomers of both leucine and isoleucine 
are incapable of replacing the natural isomers. As far as leucine is concerned 
this is quite at variance with the demonstration by Ratner, Schocnhcimer and 
Rittenberg (356), with the aid of deuterium and isotopic nitrogen, that d(+)- 
leucine can be converted to the /(— )- form by rats. To be sure, they didfind 
that twice as much of the d- form was excreted in the urine, evidence that it was 
used less economical!}’. In addition Rose (365) states that the kelo acids 
corresponding to leucine and isoleucine “induce excellent growth in animals 
deprived of /-leucine and tf-isoleucine (the natural isomers), respectively.” If 
this is true, failure to utilize the racemic isomem could derive only from in- 
ability to deaminize them. Waelsch and Miller (463) found that when rats 
were given d-leucine they excreted the corresponding keto acid in the urine. 
Ratner et al (356) recovered approximately the same amount of Dj in leucine 
of proteins after both isomers, but far less N>* after d-Ieucine, proving that the 
latter is dcaminated in the process of inversion. The proportions oi D* and 
N* s ui tissue leucine had also changed, indicating that leucine was susceptible to 
transamination (393). In other experiments Foster, Rittenberg and Schoen- 
heimer (176) recovered D 2 in leucine of rats which had received heavy water. 
Therefore, the carbon chain of leucine must be subject to change without 
destruction of the amino acid. 

Leucine does not form appreciable amounts of glycogen (99, 481) and is the 
a-amino arid of which it can be asserted with most certainty that it is keto- 
genic (99). Norleucine, according to Butts, Blunden and Dunn (99), does 
form glycogen and is antiketogenic; while isoleucine appears to form small 
amounts of glycogen and, under certain circumstances, ketone bodies. In 
this connection interest attaches to the observation of Bloch (64a). When 
rats were given leucine containing deuterium the D 2 found its way into choles- 
terol and into acetylated compounds. He concludes, therefore, that the oxida- 
tion of leucine results in th£ production of acetic acid, which explains its 
ketogenic activity Bloch estimates that each molecule of leucine yields 
one molecule of acetic arid. 


Lysine 

Lysine and hydroxylysine (see III) belong among the basic amino acids, 
having 2 amino groups. The former belongs among the essential amino acids; 
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about the latter little is known, since it was only recently discovered by Van 
Slyke and his associates (250, 439). It is not, however, among the indis- 
pensable amino acids and can, therefore, be synthesized. 

In 1914 Osborne and Mendel (335) showed that animals could subsist on 
diets in which the only protein was gliadin; but that they grew only when 
lysine was added to the diet. This was one of the first demonstrations of the 
indispensability of amino acids. The essential nature of lysine has been re- 
peatedly confirmed. Lysine appears to be less reactive than any of the other 
amino acids; its only known function is to participate in the formation of pro- 
teins. When Schoenheimer and his associates (394) fed rats ammonia and 
various amino acids tagged with isotopic nitrogen, lysine was the only amino 
acid which invariably failed to take up any of the N ,s . When /(+)-lysine, 
the natural isomer, marked with both deuterium and heavy nitrogen was 
given, the lysine of the tissues contained the two isomers in the same propor- 
tions in which they had been given. The lysine which was incorporated in the 
proteins had, therefore, been subjected to no chemical change. N 15 from ad- 
ministered lysine was found in other amino acids. Lysine gave, hut did not 
receive, amino groups. According to Waelsch and Miller (463) appreciable 
quantities of keto acids are not excreted in the urine after the administration 
of natural isomers of any amino acids except those of lysine and tyrosine. 
The racemic isomer can not be utilized at all; 50 per cent is excreted unchanged; 
the remainder is deaminated because its amino groups can be recovered in 
urinary nitrogen and in other amino acids; hut none are found in tissue lysine 
(357), The d-isomer can not be inverted. If either isomer is deaminated, 
the residue appears to be destroyed; at least it can not be reaminated. Lysine 
was the only one of a series of amino acids in which no deuterium could be 
detected by Foster, Rittenberg and Schoenheimer (176) in mice that bad re- 
ceived heavy water. 

Xeuberger and Sanger (329a) found that neither d-lysine nor Mysine were 
deaminated by their corresponding amino acid oxidases. They were able to 
replace lysine in the diet by compounds derived from lysine by modification of 
the e-amino group. Moreover t-acetyi derivatives of both d- and Mysine were 
attacked by the corresponding amino acid oxidases. They have, therefore, 
suggested that the first step in the oxidation of lysine is acetylation or some 
other transformation of the f-group. 

Omission of lysine from the diet of animals checks growth and ultimately 
leads to nutritive failure. Hogan, Paul and Guerrant (216) have reported 
that it causes anemia. In humans Albanese, Holt et al (13) have shown that 
it is followed by negative nitrogen balance, increased excretion of sulfate, and 
weight loss despite an adequate caloric intake. In addition, after about 5 
days the subjects experienced nausea, dizziness and hypersensitivity to metallic 
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sounds, without objective neurological disturbances. At the same time they 
excreted in the urine excessive quantities of non-ketom'c organic acids, the 
nature of which has not yet been determined (15). 

Lysine apparently forms neither glycogen nor ketone-bodies (104, 406). 

The dicarboxylic amino acids 

The dicorboxylic acids, glutamic, hydroxygluiamic and aspartic (see III), 
are not essential to growth or nutrition, but can be synthesized with the greatest 
facility (309, 378, 3S0). They are active agents in the process of deamination, 
reamination, transamination and inversion of amino acids and in the formation 
of ammonia and urea. 

When Ratner (354a) fed rats (//-glutamic acid with deuterium attached to 
the a and 0 carbons and N u in the amino group, be found in the urine more 
N“ than could be accounted for as urea and ammonia. Enough N ,s , together 
with deuterium were found as pyrrolidonecarboxylic acid to account for the 
major proportion of the rf-gfutamic acid. Ratner therefore concluded that the 
d-isomer is not acted upon by the d-amino oxidase system. 

The omination, deamination and transamination of dicorboxylic acids. Deu- 
terium was recovered by Foster, Rittenberg and Schoenheimer (176) from 
both glutamic and aspartic acids in the tissues of mice that had received heavy 
water. After the administration of isotopic ammonia to rats by Schoenheimer 
and his associates (177, 363) glutamic and aspartic acids took up more N 1S 
than did any other amino acids, indicating that they were the first to be ami- 
nated. In addition when glycine (355), d-leucine (356) , /-leucine (393) or tyro- 
sine (392), labelled with heavy nitrogen, was given, the dicarboxylic acids were 
always heavily loaded with N ,s , proving that they were peculiarly active in the 
processes of transamination and inversion These observations are in keeping 
with the experiments of Krebs and Cohen (259) and those of Braunstcin and 
Kritzmann (90) and others, cited above. The formation of alanine from 
pyruvic acid and ammonia by muscle tissue in the presence of glutamic acid 
was demonstrated by Braunstein and Kritzmann (90). Knoop (253, 254) had 
earlier suggested thata-keto acids in general could be aminated in this manner. 
He postulated the reaction as occurring in two stages: 

R - CH, CO'COOII + NII 4 OH -* R - CH.-CfNII) -COOH + 2 H,0 
a-leto acid 

R - CH, C(NII) COOH + H, -» R - CH, CH(NH,) COOH 
a -amino acid 

It is highly probable, however, that under natural conditions the ammonia is 
transmitted by the dicarboxylic acids, especially glutamic, which acts as both 
acceptor and donator of amino groups. 

The demonstration that glutamic acid could be formed in t itro from o-keto- 
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glutaric acid by pigeon breast muscle, led Braunstein and Kritzmann (90) to 
conclude that all acids, with the possible exception of glycine, could be trans- 
aminated by this procedure. When Cohen (113) studied the reactions with 
purified enzyme preparations derived from pigeon breast muscle or pig’s heart 
muscle, he discovered that the activities of this particular enzyme system were 
limited to the promotion of 2 reversible reactions: 

1) . /-glutamic acid + oxaloacetic acid a-Letoglutaric acid + /-aspartic add 

2) . /-glutamic arid -f- pyruvic acid a-ketoglutaric acid + /-alanine 

As Coben pointed out this system can not potentiate transamination in general. 
It may be more important as a means of providing a-ketoglutaric and oxalo- 
acetic acids for the aerobic cycle of intermediate metabolism of carbohydrate. 

This does not eliminate the dicarboxylic acids from their roles as inter- 
mediaries in the processes of transamination. It only indicates that these 
processes must be 'activated by other enzyme systems and linked with other 
reactions. The formation of glutamic acid from ar-ketoglutarate and ammonia 
is evidence that this acid can act as receptor for amino nitrogen released from 
amino acids, a concept that is implicit also in the peculiar avidity of the dicar- 
boxylic acids for ammonia and for amino nitrogen illustrated in Schoenheimer’s 
experiments. 

The dicarboxylic acids in the formation of ammonia and urea. Glutamic acid 
participates actively in the formation of ammonia by the kidney and of urea 
by the liver. In the latter it may, like other amino acids, merely yield its 
amino group as ammonia to ornithine or citrulline to form arginine (see section 
on Arginine and chapter on Urea). On the other hand, Bach (26) and others 
have presented evidence that it may play a more direct r6le in urea formation. 
He found that the addition to rat liver slices of a-ketoglutarate and ammonium 
chloride or glutamic acid and ammonium chloride accelerated the production 
of urea by citrulline. In addition, considerable urea was formed from glutamic 
acid and ammonium chloride alone. In this reaction the ammonia disappeared 
without appreciable loss of amino nitrogen, but with a distinct increase of amide 
nitrogen, suggesting the intermediate formation of glutamine. Bach, therefore, 
concluded that urea could be formed with the aid of glutamic acid in the liver 
by the reactions depicted in V. This is analogous to the method by which 
ammonia is formed in the kidney. Archibald (23a) reported the formation 
of urea from glutamine by liver extracts without molecular oxygen. He sub- 
sequently found that the glutamine was contaminated with arginine. From 
pure glutamine no urea was produced (23b). That glutamic acid unites with 
ammonia to form glutamine has been demonstrated in other ways. A certain 
amount of N 15 from isotopic ammonia, given to rats by Foster, Schoenheimer 
and Rittenberg (177), was identified in the amide nitrogen of the proteins, 
which belongs chiefly to glutamine and asparagine (a comparable derivative 
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of aspartic acid). In addition, Hamilton (198, 198a) and Harris (206) have 
reported that normal blood contains glutamine. Borsook and Dubnoff (78) 
have also presented evidence that citrulline acquires the ammonia by which 
it is converted to arginine from glutamic or aspartic acid. 

In the kidney ammonia appears to be formed from glutamine directly by a 
hydrolytic enzyme, glutaminase, the presence of which in tissue has been 
demonstrated by Van Slyke and associates (445). The reactions are depicted 
in AH. Since glutamine is found in the blood, it may be formed in the tissues 
in general as well as the liver; but the liberation of ammonia occurs only in the 
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kidneys, the formation of urea solely in the liver, which does not possess giu- 
taminase. 

Glutamic acid can be formed from ornithine (or arginine via ornithine) as well 
as from simpler compounds. This was first suggested by Krebs (258) on the 
basis of certain experiments dealing with the action of d-amino add oxidase. 
It has been definitely proved by the recovery in glutamic acid of deuterium 
which had been given to rats as deutero-omithine by Roloff, Ratner and 
Schoenheimer (364). The D 2 was not attached to the a-carbon. 

Glutamic acid is used for the formation of glutathione. In fact, Waelsch and 
RUtenberg (465) found that glutathione took up more labelled glutamic add 
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than tissue proteins did. The amino acid was incorporated in this compound 
without change, because most of the N IS in the glutathione was in the glutamic 
acid fraction of the tripeptide. 

Sealock (402) has shown that glutamic acid decreases the excretion of ab- 
normal end products of tyrosine much as ascorbic acid does (see section on 
Tyrosine below). According to Nachmansohn, John and Waelsch (329) /(+)- 
glutamic acid promotes the formation of acetylcholine in dialyzed extracts of 
rat brain. 

Glycogen formation. Both the natural and racemic isomers of the dicar- 
boxylic acids form glycogen and are antiketogenic (98). 

Aspartic and hydroxyglutamic acids presumably play roles somewhat similar 
to that of glutamic acid, including the formation of amines, but these acids 
have been given less attention than glutamic. Hamilton (198a) found from 
6 to 12 mg. per cent in the plasma of normal dogs and men — that is, glutamine 
accounts for 18 to 25 per cent of the total free amino nitrogen of plasma fil- 
trates. 

According to Harris (206) normal blood contains from 7 to 10 mg. per cent 
of glutamine — or a substance giving similar reactions — . This diminishes 
strikingly after the administration of insulin, less after glucose (207). 

Proline and hydroxyproline 

Proline and hydroxyproline (see III) differ from other natural amino adds 
in their fundamental structure. They do not possess the characteristic a-carbon 

R 

i 

grouping, NHj — CH — COOH; instead they are distinguished by the grouping 
R 

i 

* — NH — CH — COOH in which R is represented by part of a pyrrolidine ring 
which is completed by union with the — NH group. These amino acids, how- 
ever, react in almost all general respects like a-amino acids. They differ in the 
fact that the nitrogen in them will not react with nitrous acid; they are, there- 
fore, not included in measurements of amino acid nitrogen by the Van Slyke 
gasometric technique. 

It has been demonstrated by St. Julian and Rose (379, 380) that they are 
not essential, but can be synthesized in the body. Deuterium was recovered 
from proline in bodies of mice that had received heavy water (176). Roloff, 
Ratncr and Schoenheimer (364), by means of deuterium, found that, like glu- 
tamic acid, proline could be formed from ornithine. This had been suggested 
by Abderhalden (3) and by Krebs (258). The close relation between the pro- 
lines, the glutamic acids and ornithine is illustrated in VH. More recently 
Shemin and Rittenberg (407a), by means of heavy nitrogen, have studied in 
more detail the interrelationships of these compounds. When they fed glycine 



760 


PROTEIN METABOLISM 


containing the isotope to rats they found the N 1 * equally distributed between 
the a- and the 5-amino groups of ornithine. From this they concluded that the 
a-amino groups of ornithine and arginine arc not reversibly deaminated. In- 
stead they propose that proline is oxidized by /-amino acid oxidase to a-keto- 
J-aminovaleric acid, which is then irreversibly aminatcd in the a- position by 
ammonia to form ornithine. The latter is reconverted to proline by the over- 
all splitting out of ammonia from the 5-amino group only. This is not neces- 
sarily the only route for the synthesis of proline. Proline can participate in 
transamination (177). 

The special functions of these amino acids are unknown. Both can form 
glucose (237). 
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Phenylalanine and tyrosine 

Phenylalamne and tyrosine (see III) are distinguished from other amino 
acids by possession of the benzene ring. One of their important functions is 
the provision of the benzene ring in a form suitable for the production of essen- 
tial compounds. Although many biologically active compounds contain this 
ring, the body appears to have little or no capacity to synthesize it and can 
utilize it only when it is provided in certain specific forms 

Phenylalanine an essential ammo acid. It was long believed that tyrosine 
belonged among the essential amino acids. It has, however, now been estab- 
lished that phenylalanine is indispensable, but that tyrosine is not (19, 370). 
The latter can be formed from phenylalanine by reactions that appear to be 
irreversible (102, 324, 325, 3 TO, 486), Tyrosine may, of course, become a 
limiting factor for growth and nutrition if the diet does not contain enough 
phenylalanine to provide necessary amounts of both amino acids. Rose and 
his associates (370) have shown that phenylalanine is indispensable for man 
as well as animals; its omission from the diet is followed by a pronounced nega- 
tive nitrogen balance. 

In spite of its dispensability tyrosine is treated with unique economy. 
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Administration of tyrosine to rats by Butts, Dunn and Hal lma n (102) did not 
increase urinary nitrogen. When the amino acid was injected intravenously 
into dogs in doses of 0.2 gram per kilo by Greene and Johnston (193) it dis- 
appeared from the blood with great rapidity, but was not excreted in the urine. 
In similar experiments King and Rapport (242) detected no increase of phenols, 
urea nor ammonia in either blood or urine. Medes (312) gave 50 grams of 
tyrosine in divided doses over a period of 2 days to a normal individual. There 
was no increase of amino acid nitrogen, tyrosine, nor intermediary products of 
tyrosine metabolism in the urine. Maksimova (302) has reported that the 
addition of tyrosine, cystine and tryptophane to the protein-free diet of a dog, 
instead of increasing nitrogen excretion, diminished it. When Schoenheimer, 
Ratner and Rittenberg (392) gave isotopic tyrosine to rats the largest fraction 
of N 1! was recovered in tyrosine in tissue proteins. This economy in the use 
of tyrosine may stem from the fact that this amino acid serves a multitude of 
special functions. 

Towards phenylalanine the organism appears to be far less conservative. 
After administration of this amino acid by Butts, Dunn and Hallman (102) 
urinary nitrogen increased. The deaminated residue was partly used to form 
glycogen; therefore it was presumably expended for fuel. 

Alcaptonuria. Knowledge of the intermediary metabolism of both phenyl- 
alanine and tyrosine has been largely gleaned from studies of diseases in which 
the utilization of these amino acids is in some way inhibited or diverted from 
its normal course. The earliest of these conditions to attract attention was 
alcaptonuria, a congenital and hereditary disorder which is characterized by 
the appearance in the urine of homogentisic acid, 2:5 dihydroxyphenylacetic 
acid (see VIII). In its severe forms it may be accompanied by ochronosis, 
a darkening of the cartilaginous tissues of the body. Alcaptonuria is aggra- 
vated by administration of either phenylalanine or tyrosine (184, 336). This 
gave rise to the opinion that homogentisic acid is a normal intermediary’ product 
of the catabolism of these amino acids. This view was opposed by Dakin 
(126, 127, 128) because he was unable to produce alcaptonuria by feeding 
phenylalanine or tyrosine to cats. Aberderhalden (4) was equally' unsuccessful 
with dogs and rabbits. In one normal man administration of 50 grams of 
tyrosine did lead to the excretion of appreciable quantities of homogentisic acid. 
Medes (312) has shown, however, that homogentisic acid itself, when given to 
normal persons in doses up to 8 grams is not excreted in the urine nor does it 
cause the appearance of abnormal compounds in the urine. It is, therefore, 
destroyed in the body. The defect in alcaptonuria apparently resides solely 
in the reactions by which homogentisic acid is oxidized. 

It seems probable that homogentisic add is one of the intermediate products 
of the metabolism of phenylalanine and tyrosine; but that it does not usually 
appear in the urine because the body can oxidize it. Embden (146) in 1913 
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showed that phenylalanine, tyrosine and homogentisic acid, when perfused 
through the surviving livers of animals, gave rise to acetoacelic acid. This 
observation was confirmed by Edson (141) with liver slices. 

Although Dakin (126, 127, 128) and Abderhalden (4) were unable to induce 
alcaptonuria in normal cals, dogs or rabbits by feeding either tyrosine or 
phenylalanine, Papagcorge and Lewis (336) and Butts, Dunn and Haldane 
(102) recovered homogentisic acid from the urine of rats which had been given 
phenylalanine. In the experiments of Papageorge and Lewis the alcaptonuria 
did not come on until the ammo acid had been given for 2 days or more and 
reached considerable intensity only after a much longer interval. These work- 
ers were not successful in provoking alcaptonuria in rabbits. 

In the guinea pig Seatock (404) found that it was comparatively easy to 
provoke alcaptonuria by giving phenylalanine, tyrosine or certain of their inter- 
mediary products, and that this disorder could be prevented or eliminated by 
giving ascorbic acid. This may explain the variable susceptibility of different 
species to alcaptonuria. Those that can synthesize ascorbic acid should have 
greater ability to metabolize homogentisic acid. Tyrosine and phenylalanine 
seem to increase the need for ascorbic acid which, in turn, aids in the metabolism 
of these amino acids. Subsequently Sealock (402) lias shown that the dicar- 
boxylic amino acids, glutamic and aspartic, as well as fumaric, succinic, malic, 
tartaric, glutaric and maleic acids, have an effect similar to that of ascorbic acid 
in facilitating the oxidation of phenylalanine and tyrosine and preventing al- 
captonuria. The actions of all these acids, including ascorbic, were neutralized 
by the simultaneous administration of sodium bicarbonate. Foiling and CIoss 
(171) have reported that alcaptonuria can be induced more easily in rats if the 
phenylalanine is given in sodium hydroxide solution. In mice its onset is 
accelerated by preliminary starvation (2). In vitro Lan and Sealock (265a) 
found that the oxygen consumption of liver tissue from scorbutic guinea pigs 
did not rise after the addition of tyrosine, as the oxygen consumption of liver 
from normal animals did. The addition of ascorbic acid corrected the defect. 
According to Darby, de Afcio, Bemheim and Bemheim (132a), although liver 
slices from scorbutic guinea pigs produce a hydroxyphenyl compound from 
phenylalanine, they are able to metabolize tyrosine (as judged by the dis- 
appearance of its hydroxy groups) and to conjugate phenol to the normal 
extent. 

Spontaneous alcaptonuria, in contradistinction to these artificially induced 
alcaptonurias, is not alleviated by ascorbic acid. In other respects, also, the 
two conditions differ Papageorge and Lewis (336) with rats and Sealock 
(403, 404) with guinea pigs recovered in the urine, after phenylalanine and 
tyrosine, besides homogentisic acid, other intermediary metabolic products 
which are not found in the urine m spontaneous alcaptonuria. The defect 
in the latter condition appears to reside specifically in the oxidation of homo- 
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gentisic acid; in induced alcaptonuria there is a more general disturbance at an 
earlier stage in the train of metabolic events. 

Closs and Foiling (111) have reported that small amounts of phenylpyruvic 
acid also appear in the urine of rats in vitamin Bi deficiency, from which they 
infer that thiamine is implicated in the oxidation of phenylpyruvic acid. 

Formation of glycogen and ketone bodies. Embden (146) with the perfused 
liver and Edson (141) with liver slices showed that both phenylalanine and 
tyrosine increased the production of acetoacetic acid. Since homogentisic 
acid had the same effect they concluded that this acid was formed before the 
phenol ring was broken. Phenylpyruvic and phenyllactic acids did not in- 
crease ketone production by liver slices, while /’-hydroxyphenylpyruvic acid 
did, which led Edson (141) to surmise that phenylalanine formed homogentisic 
and acetoacetic acids only when it had been first converted to tyrosine. 

Butts, Dunn and Hallman (102) found that phenylalanine increased the liver 
glycogen of fasting rats, while tyrosine did not. In these experiments, how- 
ever, the tyrosine appeared to be stored in toto by the animals. Subsequently 
Butts, Sinnhuber and Dunn (105) demonstrated by similar methods that 
/-tyrosine had slight glycogenic activity. This would place both these amino 
acids in the peculiar position of being both glycogenic and ketogenic. 

Deamination, transamination and inversion. Work of du Vigneaud and 
Irish (456), already cited, indicates that phenylalanine in the processes of 
transamination and inversion is converted to the corresponding a-keto acid, 
phenylpyruvic. Both this acid and the a-hydroxy acid, phenyllactic, can be 
aminated to form phenylalanine. Deamination, the initial process in the 
metabolism of tyrosine, also appears to yield chiefly the a-keto acid, in this 
case p-hydroxyphenylpyruvic. This reaction does not seem to be as freely 
reversible as the comparable reaction between phenylalanine and phenyl- 
pyruvic acid. Waelsch and Miller (463) found that /-tyrosine was the only 
amino acid besides lysine whose natural isomer caused the excretion in the 
urine of the corresponding keto acid. In experimental alcaptonuria Sealock, 
Perkinson and Babinski (403) found p-hydroxyphenylpyruvic acid as well as 
homogentisic acid in the urine. Although phenylpyruvic acid increased alcap- 
tonuria, just as phenylalanine did, p-hydroxyphenylpyruvic acid had no effect 
nor was its utilization accelerated by ascorbic acid. 

Levine, Maiples and Gordon (275) discovered that premature infants, when 
given high protein as cows' milk, excrete in the urine excessive amounts of 
p-hyd roxy phenyl pyrttvi c and p-hydroxypJienyllcclic adds. Phenylalanine 
increased both of these acids, but tyrosine increased only hydroxyphenyllactic 
in the urine. Hydroxyphenylpyruvic acid, therefore, although it can be de- 
rived from phenylalanine or tyrosine, does not seem to be involved in the 
transformation of phenylalanine to tyrosine. This disorder of premature 
infants, like the alcaptonuria of rats, was prevented by administration of 
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ascorbic acid (274). It was possible to induce a similar condition in full-term 
infants by giving large amounts of phenylalanine or tyrosine and to abolish it 
again with extra ascorbic acid. The urine of these infants did not contain 
homogentisic acid (273). 

Phenyl pyruvic oligophrenia. Another disorder which has thrown light on the 
intermediary metabolism of phenylalanine and tyrosine is phenylpyruvic 
oligophrenia, first described by Felling (110, 169, 170). This condition is char- 
acterized by inferior mentality accompanied by the excretion in the urine of 
phenylpyruvic acid and excessive amounts of phenylalanine, together with 
smaller quantities of phenyllactic add. Hie excretion of these compounds, 
especially the first two, is exaggerated by the administration of phenylalanine, 
but is not affected by tyrosine (132, 342). Jems, Block ct al (235) found 
that the blood of patients with phenylpyruvic oligophrenia contained unusually 
large amounts of phenylalanine, but no phenylpyruvic nor phenyllactic add, 
even after administration of these acids, which increase blood phenylalanine. 
They concluded that the extrarenal tissues were altogether unable to oxidize 
phenylalanine, but that the kidneys still retained the power to deaminate it. 
Penrose and Quastel (342) attribute the disorder to loss of the ability to rupture 
the benzene ring of phenylpyruvic acid. This is not an adequate explanation 
because it neglects the fact that phenylalanine and phenylpyruvic add could 
still be oxidized by conversion to tyrosine. It seems more probable, as Dann, 
Marplesand Levine (132) have suggested, that there is a defect in the reactions 
by which phenylalanine is usually converted to tyrosine. It is hard to con- 
ceive that the ability to aminate phenylpyruvic and phenyllactic acids would 
remain intact if the process of deamination were entirely abrogated. The 
experiments of Jervis, Block and their associates (235) only indicate that the 
deaminated products of phenylalanine are more rapidly excreted than the 
amino acid itself. The proteins of both blood and tissues contain norma! 
quantities of phenylalanine (68). The utilization of the amino acid for the 
formation of protein is, therefore, unimpaired. 

Tyrosinosis. Males (312) has reported a single case of a peculiar condition 
which she has named tyrosinosis. The disorder must be extremely rare be- 
cause Blalherwick (61) was unable to discover another person with it among 
26,000 who were found at insurance examinations to have reducing substances 
in their urines. It was characterized by the excretion in the urine of tyrosine, 
/>-hydroxyphenylpyruvic acid, p-hydroxyphenyllactic acid, and 3:4 dihydroxy- 
phenylalanine. During starvation or when a tyrosine-free diet was given, 
only />-hyd roxyphenylpyru vi c acid was found in the urine. As increasing 
amounts of protein or tyrosine were added to the diet the other compounds 
appeared in the following order: tyrosine, p-hydroxyphenyllactic acid, and 
finally 3:4 dihydroxyphenylalanine. When 10 to 15 grams of tyrosine were 
given daily in addition to a tyrosine-free diet, the 24-hour urine contained, 
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and Hallman (102) would indicate that it can, since it formed homogenlisic 
acid while tyrosine did not. It must be recalled, however, that tyrosine was 


vm 



CH, CO-CHj-COOM +4 C0» 4-1^0 

apparently entirely retained. Another anomaly in these experiments was the 
formation of glycogen and the antiketogenic action of phenylalanine. If the 
amino acid formed homogentisic acid it should be ketogenic. 
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That there is an independent path for the metabolism of phenylalanine 
has been demonstrated by Chandler and Lewis (106). When they adminis- 
tered to rabbits by stomach tube or by subcutaneous injection phenylalanine 
or phenyJpyruvic acid, phenyjpyruvic acid was excreted in the urine. More 
appeared after phenylpyruvic than after /-phenylalanine. The excretion of 
phenylpyruvic acid, therefore, was determined by the quantity of the com- 
pound in the blood, the ability to utilize the acid being limited. At the same 
time phenylacetic acid appeared in the urine in amounts roughly related to the 
quantities of phenylpyruvate. Phenylacetic acid itself, when given, was re- 
covered almost completely in the urine. Phenylethylamine hydrochloride 
also gave rise to almost equivalent amounts of phenylacetic acid. A large 
proportion of the latter, in every instance, was conjugated with glycine, as 
phenylaceturic acid. Chandler and Lewis concluded that if phenylalanine 
is rapidly deaminated to phenylpyruvic acid a certain amount escapes complete 
oxidation. Some may be excreted unchanged; the side chain of another frac- 
tion undergoes further a-oxidation to phenylacetic acid. This seems to inhibit 
opening and oxidation of the benzene ring, which can only be effected before 
the deaminated side chain is oxidized. These experiments still leave unsettled 
the question whether phenylalanine can form homogentisic add directly or 
whether its ring can be ruptured through the formation of any other inter- 
mediary compound. If it does form homogentisic acid or other hydroxy- 
compound before rupture of the ring, it must circumvent />-hydroxyphenyI- 
pyruvic acid. The possibility still remains that phenylalanine can be com- 
pletely oxidized only if it is first converted to tyrosine. 

Phenol formation and conjugation. Not only phenylalanine, but tyrosine 
as well, are regularly metabolized by processes which may not involve 2:5 
hydroxylation. These lead to the liberation of the benzene or phenol ring and 
might yield in addition a 3-carbon group that could be converted to glycogen. 
Phenols of various types, presumably derived from phenylalanine or tyrosine, 
are regularly found in the urine and increase w'hen these amino acids are given 
to animals. Many of these are formed in the intestinal tract by bacteria and 
can be recovered in the feces. Among those recognized as coming from phenyl- 
alanine are phenylacetic and phenylpropionic acids; from tyrosine come p- 
hydroxyphenylacetic and />-hydroxypheny!propionic acid. In addition phenol 
and paracresol may be derived from both. These last are largely conjugated 
in the liver to form ethereal sulfates. Papageorge and Lewis (336) found that 
phenylalanine also increased hippuric acid, indicating that it must have been 
broken down to benzoic acid in the gut. A certain proportion of the phenols 
in the urine appear to be formed from tyrosine and phenylalanine within the 
body, because they do not disappear from the blood or urine during starvation 
(137) and increase when the amino acids are injected intravenously (405). 
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Conjugation of phenols. Free phenols derived from phenylalanine and tyro- 
sine in the intestines or the tissues are definitely poisonous agents. They are 
detoxified in the liver by conjugation with sulfuric add to form ethereal sulfates 
(see chapter on Sulfur) or with organic adds (167, 168, 340). Instances of 
such conjugation have already been described in the formation of hippuric acid 
from benzoic acid and glycine and phenaccturic acid from phenylacetic acid 
and glydne. The process of conjugation is impaired by Eck fistula (137, 341) 
or severe liver injury, abolished by complete destruction of liver function (341). 
The power of the liver to conjugate phenols has been used as a test of liver 
function (173). 

Becher (33) has reported striking increases of phenols in the blood of patients 
suffering from nephritis, especially when this is attended by hypertension and 
azotemia. Phenol retention, he claims, is more closely correlated with the 
appearance of “uremic” symptoms than is the retention of nonprotein nitrogen 
(39). He believes that among phenolic compounds may be found the toxic 
substances responsible for some of the symptoms of nephritis, especially in its 
terminal stages (40). As a diagnostic criterion of the nephritic state, however, 
the measurement of blood phenols is not altogether reliable, because it is not 
specific. Becher himself noted minor increases of blood phenols in pemidous 
anemia (41, 42), in a case of gangrene of the lung and one of severe cirrhosis 
of the liver (42). 

Swendseid, Burton and Bethell (430) have reported that the urine oj patients 
with pernicious anemia contains excessiie quantities of hydroxyphenyls that 
disappear under treatment with liver extract or other potent antianemic 
agents 

Diseases of the liver and tyrosinuria. In acute yellow atrophy free tyrosine 
has been reported in the urine by several observers. Tyrosinuria has been 
noted by Lichtman (283), Jankelson (232, 233) and others in diseases asso- 
ciated with less extreme destruction of the liver. Lichtman detected it in 
patients with degenerative hepatic conditions, but not in obstructive jaundice. 
Jankelson (232, 233) found blood tyrosine elevated in SO per cent of patients 
with diseases of the liver and bile ducts. In acute yellow atrophy the process 
of deamination is so greatly compromised that the concentrations of all amino 
acids in both blood and urine increase. In addition there is massive destruction 
of tissue to swell the amino acid load. In less devastating lesions of the liver 
deamination usually remains intact. Tyrosinuria in these cases is probably 
evidence of destruction of tissue. Lichtman (283) noted it in some patients 
with destructive conditions in other organs than the liver. It becomes con- 
spicuous because tyrosine is relatively insoluble in urine and therefore tends 
to crystallize out. 

Both phenylalanine and tyrosine can be incorporated directly in proteins, 
of which they are essential structural components. Nothing is known of 
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other special functions of phenylalanine except that it serves as an extra 
source of tyrosine. Tyrosine, on the other hand, plays a most diversified 
r6le. 

Formation of melanin* from tyrosine. In the discussion of tyrosinosis above, 
the formation of 3:4 dihydroxyphenylalanine was mentioned. In this par- 
ticular disorder the appearance of this compound in the urine was evidence 
that the metabolism of tyrosine, being backed up, was forced into an abnormal 
or little used channel. Nevertheless, 3:4 dihydroxyphenylalanine, commonly 
known as dopa, may' be a normal product of the metabolism of tyrosine and 
one of the basic materials from which melanins are formed. Ordinarily it is 
not produced in sufficient amounts to permit its detection in the urine. The 
process by which melanin is formed from tyrosine has been intensively studied 
by Raper (138, 354). Tyrosine is oxidized in the skin by dopa oxidase to 
melanin (64). The composition of the latter is not known; in fact it is probable 
that there are many pigments of this class and that they may be derived by 
different methods from more than one source. A melanoma obtained by 
Hogelboom and Adams (217) oxidized both tyrosine and phenylalanine, but 
not dopa, to melanin. The melanins contain the indole nucleus. In the 
production of the melanin investigated by Dulifcre and Raper (138) dihydroxy- 
indole appeared to be an intermediary product. The formation of this com- 
pound from tyrosine requires the addition of 3 atoms of oxygen. The forma- 
tion of melanin from dihydroxyindole required 2 more atoms of oxygen. The 
authors suggested that the composition of this melanin is C*H 6 OjN, which 
would mean that it was formed from dihydroxyindole by the addition of 2 
atoms of O and the loss of one molecule of H»0. Tyrosinase acts not only on 
tyrosine, but also on tyramine and other related phenolic compounds. 

Formation of amines from tyrosine. Tyrosine and certain of its products 
can be converted to corresponding amines in the body under certain circum- 
stances. The simplest of these amines is tyramine, which is formed by decar- 
boxylation of tyrosine (see IX). It was demonstrated by Schuler, Bernhardt 
and Reindel (397) that tyrosine is converted to tyramine by kidney slices in 
vitro by decarboxylation. The reaction is favored by deficient oxygen; in the 
presence of plentiful oxygen tyrosine is deaminated instead. Phenylalanine 
can not be substituted for tyrosine. Under similar circumstances hydroxy- 
tyramine is formed from dopa (58). Tyramine is probably the parent sub- 
stance from which epinephrine is derived (397, 398). All the amines of tyrosine 
have striking vasopressor action. It is natural, therefore, that they should 
have been considered in the search for the humoral principle responsible for 
renal hypertension. Abell and Page (9) have shown that the action of tyra- 
mine on the circulation resembles those of renin and angiotonin, all raising blood 
pressure without reducing blood flow. Schroeder and Adams (396) reduced 
the blood pressure of hypertensive animals and patients by injections of tyro- 
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sinase. According to Brown and Maegraith (93) hypertensive animals are 
peculiarly sensitive to the vasopressor action of tyramine. They could, how- 
ever, demonstrate no deficiency of tyraminase in the livers of such animals 
(92). Paunz (338) has produced nephrosclerosis in young rats and dogs by 
injecting tyramine over long periods. It is too early to draw any conclusions 
from these studies. 

Formation of epinephrine. One of the most important functions of tyrosine 
is the formation of hormones. Stoltz (427) in 1901 succeeded in synthesizing 
epinephrine, thereby establishing its structure as l-3,4-dihydro\yethanol 
me thy la mine (see IX). Schuler (397, 398) investigated the formation of 
epinephrine from tyrosine compounds by slices of adrenal medulla in vitro . 
Most of these compounds had no effect; but when adrenal medulla was in- 
cubated with tyramine there was a definite increase of material that gave both 
chemical and physiological reactions of adrenalin. He concluded that the 
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adrenals produce epinephrine from tyramine that is derived fiom tyrosine 
by the kidneys. 

Formation oj the thyroid hormone. In 1916 Kendall (239) isolated from 
thyroid glands a crystalline compound which he named thyroxine which, when 
injected into animals or men, had a physiological action similar to that exerted 
by potent extracts of the thyroid gland. It maintains thyroidectomized ani- 
mals in a normal state and abolishes symptoms and signs of myxedema. This 
compound, which was subsequently identified by Harington (203) and syn- 
thesized by Harington and Barger (204), is a tetraiodo-substituted derivative 
of the />-hydroxyphenyl ether of tyrosine, with the iodines in the 3, 5, 3', 5' posi- 
tions (see X). In the gland the compound probably does not occur in the free 
state, but as part of the protein, thyroglobulin. Only a fraction of the iodine 
in thyroglobulin can be recovered as thyroxine; the remainder consists of diiodo- 
tyrosine (174, 205). Although the latter, when isolated, appears to be physio- 
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logically inert, when incorporated in proteins it acts like thyroxine on thyroidec- 
tomized animals and myxedematous patients (270). Thyroxine seems to be 
derived from diiodotyrosine which, in turn, is formed from tyrosine. When 
radioactive iodine in inorganic iodides is given to animals (304) or incubated 
with thyroid tissue (323), the isotope finds its way with great rapidity into the 
thyroglobulin of the gland, appearing first in diiodotyrosine, later in thyroxine. 
The iodine apparently enters the amino acids while they are still part of the 
protein. Indeed, it is possible in vitro to iodinate serum albumin (328), milk 
proteins (359) and other proteins, thereby conferring upon them thyroid- 
hormonal properties. Reinecke, Williamson and Turner (359) found that 
maximum potency was attained when sufficient iodine had been absorbed to 
provide each tyrosine molecule in the protein with 2 atoms of iodine. From 
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active protein preparations of this kind made from serum albumin, Muns, 
Coons and Salter (328) were unable to isolate thyroxine. (The subject is 
discussed at greater length in the chapter on Iodine.) 

Bemheim and Bemheim (54a) found that in vitro only liver tissue deaminated 
tyrosine, although the ring could be broken by kidney and by heart and skeletal 
muscle as well. These muscles were also able to deaminate tyramine. Phenol 
was oxidized by skeletal and smooth muscle and by liver, but was conjugated 
only by liver. 

Tryptophane 

Tryptophane is distinguished from other amino acids by possession of the 
indole ring (see III). It is the first of the amino acids to have been proved 
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essential. In 1906 WiOcock and Hopkins (479) showed that rats given zem 
as the only protein in their diets lost weight steadily. The addition of trypto- 
phane prolonged the lives of such rats, but did not permit them to grow. The 
extra lacking factor was subsequently proved by Osborne and Mendel (335) 
to be lysine. Since then the indispensability of tryptophane has been re- 
peatedly demonstrated. It was early found that, though casein would support 
life and growth of animals, acid hydrolysates of casein would not, unless they 
were supplemented with tryptophane which was destroyed in the process of 
hydrolysis. This principle, which proved so useful in physiological investiga- 
tion of tryptophane, has assumed clinical importance since injection of hydrol- 
ysates of casein has been practised as a means of maintaining nutrition. Acid 
hydrolysates, because of their purity, would be preferable to enzymatic hydrol- 
ysates, were it not necessary to supplement them with tryptophane (144). 
Recently While and Elman (476) have shown that this difficulty can be ob- 
viated by conducting the hydrolysis for short periods of time with weak (2.5 
normal) sulfuric acid; less than 25 per cent of the tryptophane is destroyed 
under these conditions. 

Essential nature. Presumably the unique importance of tryptophane resides 
in the presence of the indole ring. For what special purpose this is required 
has not been ascertained In the formation of melanin, at least, this ring 'can 
be derived from tyrosine. Omission of tryptophane from the diet of animals 
or man is followed immediately by wasting and the development of a negative 
nitrogen balance (16, 144, 218). In rats appetite fails and scrum proteins fall 
strikingly, the reduction involving both albumin and globulin fractions. Hemo- 
globin also diminishes (16). In addition the animals develop cataracts (12, 
124). These cataracts, according to Albanese and Buschke (12) resemble 
most closely those that follow riboflavin deficiency and, like the latter, are 
associated with vascularization of the cornea, disorders of other epidermal 
tissues, atrophy of the testes and aspermiogenesis. This suggests that the 
amino acid plays a peculiarly specific rdle in the bodily economy. Compared 
with certain other amino acids the organism displays little tendency to con- 
serve tryptophane. Berg and Rose (50) found that on a tryptophane-free diet 
supplements of tryptophane must be given at frequent intervals to secure op- 
timum growth. In fact administration of a given quantity in divided doses at 
6-hour intervals, though far more effective than administration at longer 
intervals, was not as effective as giving it mixed with the diet. 

Intermediary metabolism. Of the intermediary metabolism of tryptophane 
comparatively little is knowD, though the subject has been extensively investi- 
gated. Since /S-3-indolepyruvic acid can replace 1-tryptophane for growth 
(52, 228) and yields the same end-products (30), it may be inferred that the 
amino acid, following the general rule, undergoes reversible oxidative deamina- 
tion as the first step in its metabolism. The corresponding lactic add, however, 
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can not be utilized. If it is formed at all, it must be by an irreversible reaction 
(228). Indolepropionic acid is also unable to replace tryptophane (52, 228). 

Nutrition and growth appear to be maintained equally well by both the 
racemic d- and the natural /-isomer of tryptophane (49, 458). This would 
suggest that the d-isomer is susceptible to transamination in the usual manner. 
There is, however, evidence that the two isomers follow different metabolic 
paths. In certain animals /-tryptophane causes the excretion of kynurenic 
add, while d-tryptophane does not, although both support life equally well (48). 
A yellow pigment is excreted in the urine by rats deprived of pyridoxine. This 
has been identified by Lepkovsky, Roboz and Haegen-Smith (269) as xanthur- 
enic acid, 4:8-dihydroxyqumoline-2-carboxyhc acid. It is apparently derived 
from tryptophane. (Under the same circumstances dogs become anemic, 
but excrete no xanthurenic acid.) When d-tryptophane is substituted for the 
natural isomer no xanthurenic acid appears in the rats’ urine (358a). Albanese 
and Frankston (12a) found that humans, when given d/-tryptophane, excrete 
in the urine a compound that forms indigo red when treated with iodine. The 
amounts of this compound excreted are approximately equivalent to the quan- 
tities of the d-isomer given. If the two isomers are equally effective for main- 
tenance and growth, but nevertheless follow different pathways in their metabo- 
lism, tryptophane is unique among amino acids in its behavior. In this case 
animals must be able to utilize the d-isomer, for certain essential purposes, at 
least, without inverting it. 

Despite the numerous derivatives of tryptophane that have been discovered, 
Holt, Albanese et al (218a) have recovered in the urine, apparently unchanged, 
quantities of tryptophane large enough to account for a large proportion of the 
tryptophane ingested by normal men. In the urine of normal individuals 
they found from 300 to 400 mg. of tryptophane per day. On diets deficient in 
tryptophane this rapidly fell to less than 250 mg. per day. To prevent nitrogen 
wastage from 6 to 9 mg. of tryptophane per kilo of body weight was required. 
This means that as much as two-thirds of the tryptophane required for main- 
tenance is excreted, unchanged, in the urine. This would suggest that, although 
a certain proportion of the supply of this amino arid may be used for the 
production of other materials, the value of most of it must depend on its chem- 
ical configuration as a structural component of protein — unless, perchance, it is 
used with peculiar lack of economy. 

An example of the specificity of the enzyme systems concerned with the 
metabolism of tryptophane is found in the treatment of its acetyl esters. 
Although the acetyl ester of /-tryptophane will support growth (458), it forms 
little or no kynurenic acid (47, 48), while acetyl-d-tryptophane can not be 
substituted for tryptophane in any capacity. Apparently the enzyme-systems 
of the organs are unable to hydrolyze the acetyl compound when it is combined 
with tryptophane of ri-configuration. On the other hand the ethyl ester hydro- 
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chloride of tryptophane can act as a substitute for the amino acid both in 
promoting growth (51) and in forming kynurcnic acid (30). Most of the amides 
of tryptophane can be substituted for the amino acid (31). 

Kynurcnic acid and hynuratine. When /-tryptophane or /5-3-indolepyruvic 
acid is given to certain animals kynurenic acid and kynurenine (see XI) are 
excreted in the urine. According to Gordon, Kaufman and Jackson (18S) rats, 
guinea pigs, dogs (including Dalmatian hounds) and coyotes form kynurenic 
acid, while men and cats do not. It has been considered that kynurenic acid 
is a normal intermediary product in the metabolism of tryptophane, the species 
differences depending only upon a variable ability to destroy the product. 
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This seems doubtful since Gordon, Kaufman and Jackson (1SS) recovered 
quantitatively in the urine kynurenic acid which had been injected into cats. 
Kynurenic acid appears to be a metabolic by-path utilized only by certain 
species. Kynurenine, another product of tryptophane metabolism, is believed 
by some to be an antecedent of kynurenic acid (188). It can not be substituted 
for tryptophane (231). /3-3-indoleacetic acid is probably an intermediary in the 
production of kynurenic acid (30). Kynurenine acts like /-tryptophane in 
promoting the excretion of xanthurenic acid by pyridoxine-deficient rats. 
Reid and his associates (358a), therefore, believe that kynurenine is an inter- 
mediate product in the formation of xanthurenic add from tryptophane. 
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Indican and other toxic end products. Like phenylalanine and tyrosine 
tryptophane may undergo bacterial putrefaction in the intestines with forma- 
tion of toxic compounds Among the derivatives of tryptophane which have 
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been found in the urine or feces are indole, skatol, indoleacetic acid, indolyl- 
acetic acid, indoiylpropionic acid, indoxylglycuronic acid and skatoxylgly- 
curonic acid, the two last conjugated products. The formation of some of these 
is depicted in XII. The reactions of this series up to indole take place in the 
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bowel, formation of indoxyl after absorption, and conjugation with sulfuric 
acid in the liver. Determination of indican in the urine was long used as a 
measure of intestinal putrefaction. It has, however, little significance. It Is 
probable that indole is also formed in the body as an oxidation product of 
tryptophane. At least, like the phenols its products do not disappear from the 
urine during starvation. 

Histidine 

Histidine, /3-4-imidazole a-amino acid (see III), is distinguished by the pres- 
ence of the imidazole ring. 

Essential character. It was early placed among the essential amino adds, 
although there was, at first, some question whether it and arginine could 
mutually replace one another. This question was resolved by Rose and Cox 
(367) who proved that rats would not grow on diets lacking histidine even if 
they received a superabundance of arginine. It is not, however, as impera- 
tively indispensable as some of the other amino acids. Burroughs, Burroughs 
and Mitchell (97) maintained nitrogen equilibrium in adult rats on diets devoid 
of histidine. Rose, Haines, Johnson and Warner (370) found that human 
adults, when given diets deficient only with respect to histidine, also maintained 
nitrogen equilibrium. It can not be inferred that over longer periods other 
evidences of deficiency w ould not have appeared. The maintenance of nitrogen 
equilibrium in the absence of histidine was verified by Albanese, Ilolt ct al 
(14a) who observed in the unne, however, material that gave a green color 
with the indican test. This was eliminated by administration of histidine. 
The reason for the in dispensability of this amino acid appears to reside in its 
possession of the imidazole nucleus, which is not reproducible. Schoenheimer 
and associates (177) recovered N“ from histidine in the proteins of rats that 
had received isotopic ammonia. The heavy nitrogen was, however, confined 
entirely to the a-amino group, none had entered the imidazole nucleus (395). 

Animation, transamination and inversion. The same experiments constitute 
the most convincing evidence that /-histidine, the natural isomer, is susceptible 
of reamination and transamination. The racemic isomer, d-histidine, can 
serve as a substitute for its natural enantiomorph, although it appears to be 
used somewhat less efficiently (115, 119, 435). It is completely converted to 
the Worm before it is utilized. Conrad and Berg (ff5) increased the histidine 
in the bodies of rats by feeding the d-isomer. At the end of the experiment 
all the histidine in the bodies of the rats consisted of the /-isomer. This was 
the first irrefutable demonstration of the inversion of an amino add. Knowl- 
edge of the intermediate steps in the metabolism of histidine is altogether frag- 
mentary. By analogy i t may be presumed that inversion of the racemic isomer 
would involve formation of the keto acid and that this should constitute the 
normal path of deamination ; but this does not seem to have been tested. It has 
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been demonstrated that 0-4-imidazole lactic acid can replace histidine, while 
a number of other imidazole derivatives can not (118). Imidazole itself, if 
injected into animals, is quantitatively excreted in the urine (268). 

Formation of glycogen. From early experiments Dakin (129) concluded that 
histidine did not form glucose, but gave rise to ketone bodies. More recently 
Remmert and Butts (360) have shown that it does form glycogen and is anti- 
ketogenic in rats. Edlbacher and Neber (140) discovered that the liver con- 
tains an enzyme, histidase, which converts /-histidine to /-glutamic acid. 
Featherstone and Berg (160) have shown that /-histidine forms glycogen in the 
livers of rats at about the same rate that /-glutamic acid does; the racemic 
isomer proved somewhat less efficient. Presumably one of the channels of 
histidine metabolism leads to the production of glutamic acid, from which 
glycogen may be formed. To what extent the metabolism of histidine nor- 
mally follows this channel it is hard to say. 

Intermediary metabolism. When Leiter (268) injected histidine into dogs, 
only a small amount was excreted unchanged in the urine, although its concen- 
tration in the blood rose greatly. No other imidazole-containing compounds 
could be recovered in the urine, although those which he tested, methyl imi- 
dazole, imidazole lactic acid and imidazole — especially the last — , were rapidly 
eliminated in the urine while their concentrations in the blood were quite low. 
This would suggest that histidine is either, like tyrosine, treated with great 
economy, or that its normal route of metabolism does not lead to formation of 
imidazole. 

Formation of purines. Because of its chemical structure it was early sug- 
gested that histidine was a precursor of the purines. This seemed indeed to 
be established when Ackroyd and Hopkins (10) reported that histidine in- 
creased the excretion of allantoin. This was confirmed by Rose and Cook 
(366), who also observed increased excretion of uric acid. Nevertheless, when 
Barnes and Schoenheimer (27) gave isotopic histidine to rats, no appreciable 
amounts of isotope were found in allantoin, uric acid or other purines. In 
addition, purines can not replace histidine in the diet (117). This seems to 
dispose of histidine as a source of purine-synthesis, leaving its essential function 
as obscure as before. 

The claim that histidine is a precursor of creatine and creatinine could not 
be verified by Rose and Cox (366) and Hyde (226). It has been conclusively 
refuted by Bloch and Schoenheimer (65) with the aid of isotopic histidine. 

Carnosine, a dipeptide of 0-alanine and /-histidine (see XIII) is found in 
muscle tissue, from which it is unable to escape by diffusion (142). It is pre- 
sumably formed from histidine by a reaction which must be reversible, since it 
can replace histidine in the diet (459). When injected into animals it has a 
circulatory depressor action. A similar compound, anserine, a dipeptide of 
0-alanine and /-1-methyl histidine occurs in the muscles of geese. Du Vigneaud 
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and Hunt (455) have shown that (7-camosine, the dipeptide of /J-alanine and 
rf-histidine is physiologically inactive. Apparently, although (/-histidine itself 
can be utilized and /- camosine can be broken down to yield /-histidine, the 
combination of /3-alanine and (/-histidine can not be resolved. 

Histamine. By decarboxylation histidine is converted to histamine (see 
XIII). This reaction may occur in the intestines as part of the process of 
bacterial putrefaction. It may also occur in injured or destroyed tissues. 
To a lesser and variable degree histamine is probably continually formed in 
normal tissues. Like other decarboxylation processes the production of hista- 
mine in tissues is favored by deficiency of oxygen. The compound has been 
an object of great interest because of its dramatic physiological action. Dale 
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(130), Abel (7) and others showed that it was a potent vasodepressor, large 
doses giving rise to extreme vascular collapse. It has been classed by Wallace 
(468) among the capillary poisons. It is among the substances that have been 
suggested as responsible for the phenomena of traumatic shock. In addition 
it has a specific action on the stomach, promating active secxetvau of acid aw i 
pepsin (347). So powerful is its gastric stimulating effect that it elicits secre- 
tion of free hydrochloric acid in subjects with functional disturbances that 
abolish the response to the usual test meals, thereby permitting the differen- 
tiation of such conditions from true achylias, such as that of pernicious anemia. 
It has been estimated that under the influence of histamine almost 50 per cent 
of the total chloride of the body may be secreted by the stomach. Although 
some histamine is undoubtedly produced at all times in the tissues as well as 
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the gut, it is doubtful whether it plays a significant role in physiological or 
pathological processes. 

Marshall (307) claims that all the tissues of adrenalectomized animals con- 
tain excessive amounts of histamine. 

It has been claimed that histidine itself reduces gastric secretion of acid and 
is beneficial in the treatment of gastric ulcer. The evidence on which these 
claimsare based ishighly unsatisfactory. The subject has been well summarized 
by Goodman and Bearg (187) who have also presented some experimental 
work indicating that histidine does not diminish the secretion of acid by the 
stomach. 

It has been reported that the urine of pregnant women contains more than 
the usual quantities of histidine. Foldes (165) found that, although the aver- 
age pregnant woman did excrete excessive amounts of histidine, this phe- 
nomenon was of no diagnostic value because of the variability of urinary his- 
tidine in both pregnant and non-pregnant women. Langley (266) came to 
similar conclusions, using as his criterion of histidine excretion the ratio of 
creatinine to histidine in the urine. This ratio was definitely lower in pregnant 
women, as a group, but there was distinct overlapping between pregnant and 
non-pregnant values of the ratio. 

Arginine, ornithine and citrulline 

Arginine (see III), ornithine and citrulline are biologically and chemically 
so closely interrelated that they can best be considered together. Of the three ' 
arginine alone should properly be given a place among the primary a-amino 
acids because it is the only one that participates generally in the structure of 
proteins. The other 2, in this case, would have to be regarded as secondary 
products. In actual point of fact, however, as will be pointed out later, or- 
nithine, from the standpoint of structure and function, is the predecessor of 
arginine. It is, therefore, often included as a primary amino acid despite the 
negligible part it plays in the composition of protein. Citrulline, occupying 
the most derivative position from the point of view of both structure and func- 
tion is not usuafiy listed. XI ie three, from a fiibfogicaf standpoint, may fie 
considered, with few exceptions, as mutually interchangeable. 

Indispeiisabilily. Arginine occupies an equivocal position among the amino 
acids. There is indisputable evidence that it can be synthesized from other 
materials than ornithine and citrulline; nevertheless, its omission from the diets 
of animals impairs, though it does not inhibit growth. Scull and Rose (401) 
recovered from the bodies of growing rats more arginine than they had received 
in their diets. Rose (365) found that the omission of arginine from otherwise 
adequate diets retarded the growth of rats, but did not check it entirely. 
On mixtures of all essential amino acids except arginine dogs, according to 
Madden, Carter et al (298), can maintain nitrogen equilibrium for one or 
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two weeks, though they are unable to regenerate serum proteins with normal 
rapidity. For chicks Klose and Alraquist (251, 252) found that arginine 
or citrulline was essential. In this particular species ornithine could not 
be substituted. This amino acid, in other specie3 the predecessor of arginine, 
was shown by Crowdle and Sherwin (122) to be synthesized by fowl to detoxify 
benzoic acid. When diets deficient in arginine were given to men by Holt 
and his associates (219) nitrogen equilibrium was maintained for as much 
as 10 days; but at the end of that time spermatogenesis was greatly impaired 
and was restored only gradually after arginine was again added to the diet. 
Spermatozoa arc, according to Holt, peculiarly rich in arginine. Although 
arginine, therefore, can be synthesized by certain species, at least, and its 
omission from the diet does not lead to immediate wasting, or even to com- 
plete cessation of growth, it is not altogether dispensable. Rose (365) has 
suggested that there may be a limit to the speed with which it can be syn- 
thesized. 

Glycogen formation. According to Butts and Sinnhuber (104) arginine, 
when given to rats, forms small amounts of liver glycogen and has slight anti- 
ketogenic activity. 

Amination, transamination. Arginine is susceptible to transamination. 
Schoenheimer and his associates (355, 356) found some N 15 in the a-amino group 
of ornithine and arginine after administration of other amino acids. In every 
instance, however, more was found in the amidine group. This was even more 
/ striking when ammonia was given. It is probable that both the natural and 
the racemic isomers of arginine may be utilized, but this has not yet been 
definitely established (365). 

The experiments of Shemin and Rittenberg (407a) described in the section 
on Proline suggest that arginine and ornithine are not oxidized in the usual 
manner by «-deamination. 

Formation of urea from arginine. In 1932 Krebs and Henseleit (260) demon- 
strated that the addition of ornithine to liver slices in the presence of ammonium 
salts greatly accelerated the formation of urea. Citrulline had a similar effect. 
In the course of the reaction arginine was formed. The sum of the concentra- 
tions of arginine + ornithine did not diminish appreciably, but tbe, quantity of 
ammonia that disappeared was approximately equivalent to the urea formed. 
These observers concluded that ornithine took up two molecules of ammonia 
to form successively citrulline and arginine. The latter was broken down by 
the enzyme arginase to urea, restoring ornithine to repeat the cycle. The 
reactions involved are illustrated in XIV. The Krebs and Henseleit cycle has 
been subjected to much criticism, but this has only tended to establish its essen- 
tial validity. The derivation of arginine from ornithine has been proved with 
the aid of deuterium by Schoenheimer et al (112, 364). The same workers 
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(177) have demonstrated by means of heavy nitrogen that the amidine group 
of arginine has a peculiar predilection for ammonia. The formation of or- 
nithine from arginine (225) and the strict localization of the latter in the liver 
(260) have also been established. Certain objections to the theory were raised 
on the score that the formation of urea was not exactly equivalent to the dis- 
appearance of ammonia. Gomall and Hunter (189, 190) have shown that the 
discrepancy arises from the fact that the conversion of citrulline to arginine 
proceeds more slowly than the other 2 reactions. It does seem clear that the 
ornithine cycle is not the only process by which urea can be formed. The 
alternate path via glutamic and aspartic acids has already been mentioned in 
connection with these dicarboxylic amino acids. This process, which involves 
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the formation of glutamine and asparagine does not appear to be accelerated 
by the presence of ornithine (26, 271). Borsook and Dubnoff (78) believe 
that glutamic or aspartic acid acts as a donator of ammonia to citrulline in the 
formation of arginine. Although the dicarboxylic acids may serve this pur- 
pose, they do not seem to be essential. Gomall and Hunter (190) found that 
citrulline could form urea from ammonium salts quite as effectively as ornithine 
could. Foster, Schoenheimer and Rittenberg (177) recovered N* 5 in the 
amidine group of arginine from proteins of rats that had received isotopic 
ammonia, although the amidine group of arginine is apparently extremely 
stable when the latter is in peptide combinations. From this they argue that 
arginine may participate in the formation of urea only when it is not occupied 
as a component of proteins. 

The formation of proline and glutamic add from ornithine (364) has been 
mentioned in the discussion of those amino acids. 



782 


PROTEIN METABOLISM 


The formation of guanidoacetic acid ( glycocyamine ) and creatine. That 
guanidoacetic acid is more active than any other substance in the promotion 
of creatine synthesis has long been recognized. It had also been widely sus- 
pected that guanidoacetic acid was derived from arginine. Nevertheless, that 
arginine was the predecessor of creatine and creatinine could not be definitely 
established because it proved so difficult to alter the quantities of these products 
in either tissues or urine (366). Borsook and DubnofT (75) by means of liver 
slices, however, succeeded in demonstrating the conversion of guanidoacetic 
acid to creatine. The reaction is accelerated by the presence of methionine, 
which serves as a methylating agent (75, 76). Guanidoacetic acid, they found, 
is synthesized in the kidneys from arginine and glycine, the former providing 
the amidine group, the latter the glycine tail (77). This process was verified 
by Bloch and Schoenheimer (65, 66) by means of amino acids labeled with 
heavy nitrogen. Other amino acids than glycine are able to contribute nitrogen 
to the amidine group by means of the urea-forming cycle, but can not contribute 
the glycine moiety, evidence that glycine can not be formed from the a-amino 
nucleus of other amino acids. Sarcosine could be substituted for glycine, but 
only because it was converted to glycine (65). The reactions are illustrated in 
the chapter on Creatine and Creatinine, where the subject is discussed in more 
detail. Borsook, DubnofT, Lilly and Marriott (79) have reported the presence 
of guanidoacetic acid in the urine of normal persons. This is increased by 
the administration of gelatin or 'of arginine with glycine, but not by glycine 
alone. 


The sul/ur-conlatiting amino acids, methionine and cystine 

Methionine and cystine (see III) occupy a unique position as sources of 
organic sulfur compounds. Methionine also vies with choline as a donator of 
labile methyl groups. Until Mueller (326) in 1923 discovered methionine 
and isolated it from the hydrolytic products of protein, all the sulfur of proteins 
was ascribed to cystine or its close relative cysteine. It has since been dis- 
covered that the proportions of methionine and cystine in proteins vary greatly. 
Insulin appears to be devoid of methionine (318, 457) and there are minimal 
quantities in arachin, a globulin found in peanuts. (Lewis’ review (278) gives 
an excellent historical sketch of the development of our knowledge of these 
amino acids.) 

Methionine ts one of the essential ammo acids, cystine is not. It has now been 
demonstrated repeatedly that methionine can replace cystine completely in 
the diet of rats (32, 229, 230, 373, 485, 489), In tnan diets deficient with 
respect to methionine induce an immediate negative nitrogen balance and loss 
of weight (14, 369), while deficiency of cystine has no more than an equivocal 
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effect (14). Tarver and Schmidt (432) by means of radioactive sulfur proved 
that methionine is converted to cystine. In addition methionine can fulfil all 
the special functions of cystine. On the other hand, cystine can not replace 
methionine because the steps by which it is formed can not all be retraced 
(372). It must be clearly recognized that if an animal is to be supported on 
methionine alone, enough must be given to provide the necessary quantities of 
both methionine and cystine. It is possible to induce a deficiency of cystine 
if inadequate amounts of methionine are supplied. 

According to Stekol (421), if cystine or methionine is given to rats receiving 
a low protein diet, neither the sulfur nor the nitrogen in these amino acids is 
immediately eliminated. The excretion of nitrogen derived from the protein 
of the diet and from endogenous sources does not, however, diminish. Stekol 
concluded, therefore, that the retained cystine and methionine are not used to 
form protein, but are stored in some other form. Madden and associates (298) 
found that with cystine, but not methionine, the nitrogen balances of dogs 
immediately became negative. Nevertheless the animals w ere able to regener- 
ate serum proteins for 7 to 10 days on such diets. The serum protein deficit in 
malnutrition affects chiefly albumin which is especially rich in cystine (319). 
Krohn and Barwolff (262) claim that cystine actually reduces the nitrogen 
excretion of rats on low protein diets. Maksimova (302) has reported that 
cystine, tyrosine and tiyptophane together spare protein under similar condi- 
tions. Evidently cystine, like some of the essential amino acids, is treated 
with especial economy. 

Deamination , transamination and inversion. The racemic and natural isomers 
of methionine appear to be interchangeable, although the unnatural d-form 
may be utilized with less facility than the Worm (46, 200, 230, 421). Since 
d-methionine can serve all the purposes of the natural isomer it is presumably 
inverted. According to Jackson and Block (230) the formyl derivative of 
d-methionine can not be utilized, while the analogous compound of /-methionine 
can replace /-methionine. It has been generally held that the isomers of 
cystine are not interchangeable, that only /-cystine can be utilized (453). 
Albanese (//a), however, claims that man can utilize as much as 73 per 
cent of the d-cystine in d/-cystine. Both isomers of homocystine can be 
used (139). 

Formation of glycogen from methionine and cystine. Attempts to demon- 
strate the formation of glycogen from cystine and methionine in normal animals 
have been repeatedly unsuccessful (100, 109, 316). Evidence has been ad- 
duced, however, that both cystine (129) and methionine (446) increase the 
. glycosuria of phlorizinized dogs. Smythe and Halliday (412) reported the 
discovery of an enzyme system that reversibly converts cysteine to pyruvic 
acid, ammonia and hydrogen sulfide. It is, however, unlikely that this system 
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is active in the living animal. Tarver and Schmidt (433) recovered no S“ 
in the sulfur-containing amino acids of iats that had received colloidal radio- 
active sulfur. 

Neither amino acid appears to form ketone-bodies (141). 

The oxidative metabolism of methionine and cystine. The first step in the 
metabolism of df-methionine by slices of liver and kidney in xitro, according to 
Borek and Waelsch (72), is conversion to the corresponding a-keto acid, follow- 
ing the general rule. Some a-hydroxy acid may also be formed. The latter 
can, in any case, be aminated to form methionine (82). Beyond this nothing 
definite is known about the metabolism of methionine except in so far as it is a 
constituent of protein or is used to synthesize cystine or precursors of cystine. 
There is evidence that there may be an alternative route. Medes (314) found 
that both cysteine and methionine were more rapidly oxidized to yield urinary 
sulfate than cystine was, indicating that conversion to cystine is not an obliga- 
tory step in their oxidation. 

Except in so far as methionine and cystine contribute to the formation of 
taurine or mercapturic acid or may be excreted unchanged, the sulfur which 
they contain is almost entirely excreted in the completely oxidized form, as 
inorganic sulfate (462). The various products through which they pass in the 
process of degradation are unknown. Medes (315) extracted from the livers 
of animals enzymes which oxidized the sulfur of both cysteine and cysteine 
sulfintc acid to inorganic sulfate. 
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The demethylahon of methionine and its function as a donator of labile methyl 
groups. The discover)' that methionine prevented the development of fatty 
livers in rats subsisting on diets containing insufficient choline, while cystine 
exaggerated the hepatic fatty infiltration, directed attention to the significance 
of the methyl group of methionine, the feature that distinguishes it from the 
other sulfur-containing amino acids and their derivatives (Compare section 
on Fatty Livers in chapter on Lipids.) By means of deuteromethionine du 
Vigneaud and his associates have demonstrated that methionine provides labile 
methyl groups to form choline and creatine (409, 448, 452). These are only 
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two of the roost important of the methylated compounds to which methionine 
can contribute. Animals are apparently unable to synthesize labile methyl 
groups. A large number of compounds which depend upon methionine or 
choline for methylation has been listed by du Vigneaud (447). Besides choline 
and creatine, reference has been made above to sarcosine (N-methylglycine). 
Trigonelline (XV), one of the chief end-products of nicotinic acid, also deserves 
mention (224). Of all these compounds only choline, betaine and methionine 
are able both to give and to receive labile methyl groups. Methionine can be 
formed by the remethylation' of homocysteine at the expense of choline. The 
methylation of choline is more easily reversible than any other similar reaction. 
It follows that choline is more completely mendicant than any other methylated 
compound. It is possible to produce a choline deficiency in animals which are 
receiving quantities of methionine and choline that would otherwise be adequate 
by giving excessive amounts of guanidoacetic acid (426) or nicotinamide (201). 
The former diverts labile methyl from choline to form creatine, the latter diverts 
it to form trigonelline. (The subject of methylation has been reviewed by du 
Vigneaud (447)). 

The formation from methionine of homocysteine, cysteine, homocystine and 
cystine (see XVI). The first step in the transformation of methionine to cystine 
appears to be conversion to homocysteine by demethylation and addition of 
.hydrogen. This may always require deamination and reamination through the 
a-keto acid; the demythlation of the racemic form almost certainly must be 
preceded by deamination (200). Binkley and du Vigneaud (59) have shown 
that, although both methionine and homocysteine yield cysteine, methionine 
is the less effective of the two. The reaction, methionine homocysteine is 
reversible in the presence of a donator of labile methyl such as choline (449). 
Mulford and Griffith (327), on the basis of inferential evidence, concluded that 
when methionine provides methyl for choline it can not provide sulfur for 
cystine. This would require that there be two independent processes by which 
methionine is demethylated. Until this hypothesis is supported by more direct 
evidence, it is more reasonable to assume that the formation of homocysteine 
from methionine is a reversible reaction in the presence of choline. It might 
be depicted for illustrative purposes in the following manner: 

Methionine -f ethanolamine ^ Homocysteine + choline 
Other evidence that methionine forms homocysteine has been secured through 
studies of cystinuria, a disorder which will be considered later. 

Binkley and du Vigneaud (59) showed that rat fiver slices convert homo- 
cysteine to cysteine in the presence of serine. This suggested that the whole 
molecule of methionine is not used to form cysteine, but only its terminal sulf- 
hydryl portion, the remainder being derived from serine. More recently, by 
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feeding to rats methionine labeled with S 3 ' and with C 13 in the/9 and y positions 
du Vigneaud and associates (456a) have demonstrated incontrovertibly that 
the sulfur, but none of the carbon, of cystine is derived from methionine. Pre- 
sumably the carbon chain is contributed by serine. This obviates the chemical 
difficulties otherwise involved in cutting a link from the middle of the homo- 
cysteine chain. Since cysteine can not replace methionine in the diet the 
process by which it is formed from homocysteine must be irreversible 
(372,475). 

Cysteine can form cystine. Medes (315) has shown that cytochrome oxidase 
extracted from liver tissue promotes the conversion of cysteine to cystine. This 
reaction is probably reversible, since cysteine does not seem to be required if 
cystine is given unless there is a simultaneous deficiency of methionine. Cys- 
teine and cystine appear to form an oxidation-reduction system, 2 molecules 
of cysteine combining to form a molecule of cystine with loss of 2 hydrogen 
atoms: 

2C>stcine + O^C} stine + HjO 

llomocystine is probably formed from homocysteine by a similar process of 
oxidation. Virtue and Lewis (462) recovered from the urine of rats that were 
given methionine, but no cystine, material that gave the reactions of homo- 
cystine. Like homocysteine, homocystinc can, with the aid of choline or be- 
taine as a source of labile methyl groups, replace methionine in the diet (107, 
372, 449, 454). Therefore the reaction by which it is formed ftom homo- 
cysteine must be reversible. Homocystine (450) can replace cystine in the 
diet of rats and forms cystine in cystinuria (see below). There is some doubt 
whether homocystine is converted directly to cystine. The strongest argu- 
ment against this course is, perhaps, that homocystinc behaves like methionine, 
homocysteine and cysteine, rather than like cystine in cystinuria. In addition 
homocystine appears to form cystine and cysteine relatively slowly. In XVI, 
therefore, it has been suggested that the formation of homocystine from homo- 
cysteine be regarded as a reversible terminal side reaction. 

The fonnation of glutathione and the action of this compound or cysteine as 
reducing agents. The interconvertibility of cystine and cysteine provides an 
oxidation-reduction system, cystine being in effect the oxidation product of 
cysteine. What part this may play in metabolic processes is uncertain. Cys- 
teine is rarely recovered from proteins and is found only in minute quantities 
in the body as a whole. There is presumptive evidence, however, that it is 
formed in the course of the normal metabolism of both cystine and methionine, 
and it has even been suggested that it is the vital form of cystine. Like homo- 
cysteine and homocystine it is so unstable that it escapes detection in the free 
state. Most proteins give reactions that indicate the presence of SH radicles. 
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Hess and Sullivan (211), by special methods of hydrolysis and analysis have 
adduced evidence that these can all be accounted for by cysteine. Certain 
interest attaches to the fact that some of the hormonal proteins, especially 
insulin, appear to have disulfide ( — S — S — ) groups in their molecules. Reduc- 
tion of these groups to the thiol ( — SH) form is attended by loss of hormonal 
activity. 

Glutathione (glutaminylcysteinylglycine), in the reduced form a tripeptide 
of glutamic acid, cysteine and glycine (240, 331) (see XVII), is known to be a 
component of most tissues including the blood. The cysteine in this compound 
is presumably derived from methionine and from cystine. Glutathione must 
have an extremely rapid turnover. Waelsch and Rittenberg (464, 465) re- 
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covered more N 15 in glutathione than in the proteins of the bodies of rats that 
had received isotopic ammonia or isotopic glycine. On oxidation two molecules 
of reduced glutathione combine as two molecules of cysteine will, the — SH 
US — endings uniting in disulfide linkage, — S — S — , to form oxidized gluta- 
thione. Although it is an extremely active oxidation-reduction agent (220) 
its function in the intermediary' metabolism has been a subject of controversy. 
All kinds of roles have been assigned to it on tenuous evidence derived largely 
from test-tube experiments. Barron and Singer (28) have recently proposed 
that it serves to stabilize a large number of intracellular enzyme systems, 
keeping them in the reduced or activated state. Some of these enzyme sys- 
tems depend for their action on the presence of sulfhydryl groups. Hopkins 
and Morgan (221) have suggested that the high concentrations of glutathione 
jn the liver may protect ascorbic acid from oxidation. 
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Blood contains from IS to 40 mg. of reduced glutathione per 100 cc. (384, 
490), chiefly or entirely conCned to the blood cells (286, 345). It undergoes 
rapid oxidation and reduction in these cells (384, 436). Its concentration is 
not affected by oral or intravenous administration of the compound (385). 
Low values for blood glutathione have been reported in liver disease (57), ab- 
normally high values in febrile conditions (466). In the blood of rats with 
nutritional anemia it is diminished and a larger proportion than usual appears 
in the oxidized form; in the nutritional anemia of pigs the concentrations of 
both reduced and oxidized glutathione are increased (399). 

The formation oj taurine and taurocholic acid. A large proportion of the 
cholic acid in bile is conjugated with either glycine or taurine. The latter, 
aminoetbylsulfuric 3cid (see XVIII) is formed from cystine (53, 178) by an 
. irreversible reaction (276). If taurine is ingested or injected it is either ex- 
creted in the bile as taurocholic acid (178) or in the urine as free taurine (386, 
387). It is apparently not oxidized since it does not increase the excretion of 
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inorganic sulfate (387). Either methionine or cystine (461, 473) or their 
intermediary products, homocysteine or cysteine (461) can be used for the 
formation of taurine. By giving excessive amounts of cholic acid to rats White 
(473) was able to create a deficiency of cystine and methionine. Medes (315) 
extracted from the liver an enzyme that oxidized cysteine to cysteic acid, which 
she believes is probably the first step in the formation of taurine. Andrews 
and Randall (23), however, have reported that cysteic acid given to animals 
is excreted unchanged in the urine. 

The detoxifying action of cystine and methionine. Cystine and ipso facto 
methionine yield mercapturic acid (see XV) for the detoxification of certain 
aromatic compounds, such as bromobenzene, naphthalene and anthracene. 
For these purposes taurine or glutathione can not be utilized, further evidence 
that the reactions by which they are formed from the sulfur-containing amino 
acids are not reversible (422). 

The toxic effects of cystine. The production of fatty livers and degenerative 
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lesions of the kidneys by cystine, in the absence of adequate quantities of 
methionine or other labile methyl donators has been discussed at length in the 
chapter on Lipids. In addition it has been demonstrated that in well fed ani- 
mals administration of large quantities of cystine induces acute renal injury 
(330). This may differ from the injury. provoked by moderate amounts of 
cystine in animals on insufficient diets. It seems to arise from some direct toxic 
effect of excessive cystine upon the kidney, rather than a secondary result of a 
general disorder of metabolism. When Steams and Lewis (420) gave large 
single doses of cystine to rabbits by mouth, it was completely oxidized and had 
no deleterious effects; when the same dose was injected intravenously a large 
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proportion was excreted unchanged and there were definite evidences of renal 
damage. 

Cystinuria, cystine calculi and cystine-storage disease. Much of our knowledge 
of the intermediary metabolism of the sulfur-containing amino acids was 
originally derived from investigations of the. metabolic disorder, cystinuria. 
This is a hereditary disorder in which cystine is not oxidized, but excreted as 
such in the urine. In its mildest forms it gives rise to no symptoms or may lead 
to the formation of urinary calculi; in the most malignant types of thecondition 
cystine may accumulate in tissues and organs. It has been observed in dogs 
as well as humans (88, 209). Normal persons excrete minute amounts of 
cystine in the urine. Medes (313) found from 10 to 102 mg. per day (average 
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30 nig.) in the urine of 50 patients about to be discharged from the hospital 
where they had been treated for minor— chiefly mild surgical — conditions. 
Lewis (277) recovered the amino acid in appreciable quantities from the urine 
of 40 out of 10,354 apparently normal students. Sylla (431) has described a 
case of acute pyelonephritis with transitory cystinuria of considerable in- 
tensity. 

In early studies it was found by Alsbcrg and To tin (21) and others (483) 
that the intensity of cystinuria varied with the quantities of protein in the diet. 
The variation was naturally attributed to the cystine in the protein. Subse- 
quent studies, however, revealed that the condition was completely unaffected 
by cystine (22, 86, 209, 279, 282). In fact patients with cystinuria oxidize 
administered cystine quickly and completely. This gave the impression that 
the cystine might be formed from some other compound in the urine after it 
bad been voided. Brand, Harris and Bfloon (89) and Andrews and Randall 
(23) did, in fact, report that cystine increased in the urine if this was allowed 
to stand. This could not be confirmed by Lewis, Brown and White (279) and 
others and has been generally abandoned as an explanation of the disorder. 
Although cystine is without effect on cystinuria, methionine aggravates the 
condition consistently (86, 209, 279). The effect of protein on cystinuria is 
proportional to the methionine in the protein (83, 87). Cystinuria is also 
exaggerated by other compounds that can be converted to cystine, such as 
cysteine (86, 209, 210, 279, 280, 289) and homocysteine (85). Brand, Cahill 
and Block (85) claim that it is unaffected by homocystine. They found that 
this compound was completely oxidized by cystinuric patients. If this is true 
an anomalous situation is created, since homocystine can be converted to homo- 
cysteine and methionine, which do aggravate cystinuria. It might be sus- 
pected that the cystine in the urine arose only from superfluous exogenous 
cystine precursors. Tills can not be since cystinuria is diminished, but not 
abolished, by starvation. Even cystine precursors are not completely wasted 
in the urine; their oxidation is only partly blocked. Hess and Sullivan (209) 
have shown that methionine and cysteine have a greater effect if given with a 
low protein than with a high protein diet, especially if the protein is deficient 
in methionine (210). According to Brand, Cahill and Harris (86) glutathione 
also increases cystinuria slightly. 

Just where the block in metabolism is located it is as yet impossible to say. 
No other disorder in the utilization of the sulfur-containing amino acids has 
been demonstrated in cystinuria. The other functions served by cystine appear 
to remain intact. It has been suggested that the actual oxidation of cystine 
occurs via cysteine. In this case, if the oxidation of cysteine was impaired the 
cystine would tend to back up and accumulate in the blood and consequently 
would appear in the urine. A disturbance in the reversible reaction cysteine 
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cystine that tended to drive the reaction to the right would have a similar 
effect. In either case increasing the concentration of cysteine should tend to 
aggravate the disorder. 

In some cases cystinuria is associated with the excretion of unusually large 
quantities of other amino acids (287), but this is not the rule. 

Because of its relatively low solubility in urine cystine may give rise to cal- 
culi (18, 375). In fact it was in such a stone that Wollaston in 1805 first dis- 
covered cystine, the earliest known amino acid (278). This unfortunate com- 
plication can be obviated by keeping the urine alkaline, which increases the 
solubility of cystine. Albright (18), indeed, believes that cystine calculi are 
more susceptible than any others to medical treatment and may sometimes be 
dissolved and eliminated by alkaline therapy. 

A number of cases have been reported in which dwarfism and renal in- 
sufficiency are associated with deposits of cystine throughout the organs and 
tissues of the body (56, 96, 223, 374, 375). The disease, which appears to be 
congenital, usually ends fatally early in life. Cystinuria has not been noted 
in most cases, but it has not always been sought because the nature of the 
condition has not been suspected during life. The renal damage which appears 
to be the cause of the dwarfism has been attributed to the nephrotoxic action 
of cystine; but deposits of cystine in the kidneys, where they have been regu- 
larly found, may be an important factor. According to Russell and Barrie 
(375) the cystine crystals are located chiefly in the cells of the reticulo-endo- 
thelial system. The simplest explanation is that this is only a variant of the 
disorder which gives rise to cystinuria, of such severity that the kidneys are 
seriously injured early in the disease. 

The ultimate oxidation of sulfur-containing amino acids. Although cystine 
has numerous metabolic responsibilities and forms a great variety of sulfur- 
containing compounds, besides participating in the composition of protein, 
methionine is not known to have more than two: the donation of labile methyl 
groups and the contribution of its sulfur moiety to form cystine and inter- 
mediary products. By means of the latter, however, it assumes all the pre- 
rogatives of cystine. The sulfur of both cystine and methionine is ultimately 
oxidized to inorganic sulfate. There may be a direct route by which methionine 
can be oxidized, but no intermediary products have yet been recognized. The 
only path to oxidation may be identical with the route to cystine. It has been 
.shown by Lewis (278) that methionine is oxidized more slowly than cystine 
in the normal course of metabolism. When methionine and cystine were given 
by mouth or by injection to rabbits the former remained in the blood longer 
and formed sulfate more slowly than cystine did. This would be anticipated 
if methionine had to be converted to cystine or cysteine before it was oxidized. 
There is indirect evidence to suggest that both methionine and cystine may be 
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oxidized via cysteine. Mcdcs (315) extracted from the livers of animals en- 
zymes which oxidized the sulfur of both cysteine and cysteine suUinicacid to 
sulfate. 

Ilair, finger nails and toe nails arc peculiarly rich in cystine. This gave 
rise to the idea that deficiency of cystine might be responsible for the improper 
development of these structures in certain disorders and diseases. Smuts, 
Mitchell and Hamilton (411) showed that a diet with insufficient cystine and 
methionine inhibited the growth of rats and their hair. Tayne and Perlzweig 
(339) found that the finger nails of pellagrous patients contained less than the 
usual quantities of cystine. This is true also in chronic deforming arthritis 
(429). The disturbance, however, does not seem to have specific significance, 
but merely to mark a general nutritional disorder (428). In cystinuria the 
nails and hair contain normal amounts of cystine (280). 

In 2 cases of exfoliative dermatitis Peters (343a) has reported beneficial 
effects from the administration of 1 gram of cystine daily. By analyzing the 
desquamated skin from one of these patients for sulfur, he estimated that one- 
thiril of the dietaiy cystine was lost in the exfoliation. 

Thiontine (ergolhiontine). This sulfur compound (see XIX) the betaine of 
thiolhistidine does not properly belong with methionine or cystine, but it is a 
sulfur-containing amino acid derivative. First discovered in blood by Bene- 
dict, Newton and Behre (43, 45), it lias commanded considerable interest 
because it interferes with the usual colorimetric methods for the measurement 
of uric acid. It is apparently confined entirely to the blood cells. Blood con- 
tains from 3 to 12 mg. of tbioneine per 100 cc. According to Salt (381) this 
rises slightly in diabetes and nephritis. The origin of thioneine has not been 
determined. Potter and Franke (348) believe it is derived entirely from exog- 
enous sources. 


THE OVERALL METABOLISM OF AMINO ACIDS 
The digestion of protein and absorption of amino acids 
Digestion. Proteins of food are the ultimate source of the amino acids in the 
body. It was first demonstrated by Delaunay (135) and Van Slyhe and 
Meyer (442) that during digestion of protein the amino nitrogen of blood in 
both portal and systemic circulations, but especially the portal, increases. 
Since it was also ascertained that the digestive juices w ere able to split proteins 
to amino acids, it was generally inferred that in the normal process of digestion 
enzyme action proceeded to completion: that the proteins were broken down 
to amino acids before they were absorbed. Certain observations have cast 
doubt upon this theory. These have been discussed in detail in the chapter 
on Net Protein Metabolism and need be only briefly recapitulated here. Large 
proteins, such as thyroglobulin and placental proteins, when given by mouth, 
evince biological activity that can not be elicited by the oral administration 
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of hydrolysates of these proteins. These activities presumably depend upon 
integrity of components of the proteins larger than amino acids. London and 
Kotchneva (288) analyzed simultaneously the contents of various portions of 
the alimentary tract and the composition of the blood coming from them. 
Polypeptides were found throughout the intestine and in the blood coming 
from it, during the digestion of protein. From the effects of thyroglobulin and 
placental proteins it would appear that some of these polypeptides can be 
utilized without further disintegration. Nevertheless, there can be no doubt 
that a large part of protein that is eaten is digested to amino acids and that a 
proper mixture of amino acids can support life. Amino acids can, therefore, 
be used to form and to renew the essential body proteins and nitrogenous 
compounds. 

Absorption and removal from the blood. A large proportion of the amino 
acids which are absorbed are immediately removed from the blood by the liver 
and other tissues. Van Slyke, Cullen and McLean (437) found that during 
digestion the concentration of amino acid in the blood coming from the intes- 
tines rose about 20 per cent and that a large proportion of the increment was 
removed by the liver, where it was initially held as free amino acid. A certain 
amount escaped into the systemic blood to be taken up by the tissue cells. By 
injecting amino acids Van Slyke and Meyer (443) were able to increase the 
concentration of amino acids in the muscles and kidneys to 2 or 3 times its 
initial value; the liver was able to absorb even larger amounts. This appears 
to be an expedient for the conservation of amino acids. After absorption is 
complete the concentration of amino acids in the muscles remained elevated for 
a considerable time; in the liver it returned more rapidly to its original level. 

If polypeptides and larger aggregates of amino acids enter the blood stream 
during digestion, the manner in which they are utilized has not been ascer- 
tained. It is impossible to cast up a balance sheet from which the increases of 
amino acids in blood and tissues may be compared with the quantities ab- 
sorbed. It can not even be asserted with certainty that proteins may not be 
reconstituted in the transit of amino acids and other digestion products through 
the intestinal mucosa to blood or lymph. Thoracic duct lymph contains 
relatively high concentrations of protein. Some of this enters from the blood 
of the systemic circulation . Some, however, may be contribu ted from products 
of digestion of protein. 

Utilization of amino acids by the liver 

The ultimate disposition of amino acids is chiefly a hepatic function. It is 
in this organ that they are deaminated; here their deaminated residues are 
presumably converted to carbohydrate, ketone bodies and other compounds in 
preparation for combustion. The liver appears to be the chief site of formation 
of creatine, taurine, choline and other essential nitrogen-containing products. 
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Deamination and formation of urea. Urea appears to be formed from amino 
acids sold}', and carbohydrate is formed from them chiefly, in the liver. Al- 
though the liver has long been recognized as the chief site of urea formation, 
its unique position in this respect was first established when B oilman, Mann 
and Magath (70) showed that urea diminished steadily while amino acids in- 
creased progressively in the blood of the dog after removal of the liver. At 
the same time, if glucose was not provided, fatal hypoglycemia supervened. 
Although nonprotein nitrogen increased in all tissues in vitro, Borsook (73) 
found that urea nitrogen increased only in the liver. In the heart-lung prepara- 
tion Cruickshank and McClure (123) detected no utilization of amino acids; 
respirator}* quotients of 0.70 indicated that fat alone was consumed. Repeated 
attempts to demonstrate formation of urea by isolated muscle have failed (213, 
337); while the ability of isolated liver or even liver hash to form urea is un- 
disputed (73, 172, 417). The liver is the only organ that contains appreciable 
quantities of arginase, the enzyme by which urea is derived from arginine. 

Deamination of amino acids with the production of urea may be regarded 
as the method by which amino acids are prepared for combustion, in contra- 
distinction to their conversion into protein or useful nitrogen-containing com- 
pounds. It is the urea-fraction of nitrogen in the urine which chiefly reflects 
variations in the overall metabolism of protein as the result of altered consump- 
tion of protein. This is the fraction that decreases most when protein metabo- 
lism diminishes in starvation or when dietary protein is minimal. It is the 
same fraction that increases most when carbohydrate combustion is abolished 
in diabetes and protein shares with fat the burden of supplying the energy 
demands. When the protein intake is increased and nitrogen output rises 
accordingly, the increment of urine nitrogen consists chiefly of urea. 

After the ingestion of protein or amino acids or the injection of amino acids, 
the process of deamination is accelerated. Van Slyke, Cullen and McLean 
(437) found, in fact, that the liver does not even wait, during absorption of a 
protein meal, until the tissues have obtained a supply of amino acids, before it 
increases its production of urea. Even in a dog that had been fasted for 24 to 
48 hours, so that there was presumably a demand for useful nitrogen by the 
tissues, the blood urea began to rise within 20 minutes after a meal of meat. 
The liver, indeed, is always removing araino acids from the blood. In cats 
studied by Bolton and Wright (71) after starving 48 hours the concentration 
of amino acids was higher in the blood of the superior mesenteric vein and in 
the inferior vena cava than it was in that of the hepatic vein. Under these con- 
ditions the liver was evidently removing amino acids given up by other tissues. 

These experiments gi\e the impression that amino acids are utilized with 
great inefficiency; but this derives only from the experimental setting. Al- 
though the formation and excretion of urea increase sharply after administra- 
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tion of amino acids, the immediate excretory increments fall short of the total 
quantity given. In a period of 4 to 10 hours after the ingestion or injection of 
individual amino acids or protein hydrolysates only a fraction of the amino 
acid administered can be recovered in the urine (166, 236, 47S), though by the 
end of the longer period the non protein nitrogen of the blood and the excretion 
of nonprotein nitrogen have returned to the base line. Of the extra nitrogen 
excreted urea accounts for only about 60 to 80 per cent of the nitrogen given; 
a small fraction is excreted as amino acid. All observers have also detected 
an increase of undetermined nitrogen — i.e., nitrogen in forms other than amino 
acid, urea and ammonia — in both blood and urine. Some of the administered 
amino acid is converted to other nitrogen-containing compounds. 

It is implicit in the nature of protein metabolism that the quantities of 
amino nitrogen ultimately excreted as urea depend upon the nature of the 
amino acids given and the nutritive state of the animal to which they are given. 
The body has an extremely limited capacity to store protein or other nitrogen- 
containing compounds. If a well nourished animal is given protein or a hydrol- 
ysate of protein in excess of its needs, only a minimal amount is retained; 
nitrogen equilibrium is rapidly restored. Most of the extra nitrogen — usually 
80 to 90 per cent — appears in the urine as urea. If, on the other hand, the 
same material is given to an animal that has been depleted of protein, a large 
proportion may be retained. Although nitrogen excretion does increase some- 
what, a positive balance is established. A complete hydrolysate of casein or a 
well-balanced mixture of amino acids, whether ingested or injected, is retained 
and utilized under these conditions quite as well as an equivalent amount of 
efficient protein which is eaten (144, 145, 153, 155, 298, 299, 369, 408, 484). For 
this purpose only the essential amino acids are required (298, 369, 484) On the 
other hand, it is impossible to maintain nitrogen equilibrium or to replace 
protein deficits with any amounts of single amino acids, or with mixtures of 
amino acids or proteins lacking proper proportions of all the essential amino 
acids (94, 145, 369). The formation and excretion of urea, therefore, appear 
to be automatically regulated to maintain both the composition and the quan- 
tity of protein and other nitrogenous compounds in the tissues intact. 

Although the excretion of urea begins shortly after the administration of 
protein or amino acids and is proportioned to the supply of these materials, 
the molecules of urea found in the urine can not be identified with the molecules 
of amino acid ingested. When Schoenheimer and his associates (391) gave 
animals amino acids in which deuterium or heavy nitrogen had been incor- 
porated they found these elements in all the amino acids and proteins as well 
as other nitrogen-containing compounds in the body. Exogenous amino acids 
do not, therefore, pursue a course to destruction apart from the steady stream 
of endogenous nitrogen metabolism, entering the latter only when replacement 
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is required. From the moment they enter the body they are inextricably 
merged in a continuing metabolism that invokes the most active exchange of 
molecules or parts of molecules. 

From the proteins of the tissues or the amino acids of which they arc com- 
posed are continually formed other nitrogenous compounds which are indis- 
pensable to the physiologic economy. In addition amino acids supply non- 
nitrogenous groups or members to form various organic compounds. With the 
exception of the groups that must be contributed by the vitamins and the 
essential fatty acids all the materials required for life can be derived from car- 
bohydrate and the 10 essential amino acids (365). These acids must, there- 
fore, furnish the units from which all the components necessary for life can be 
formed. For these special purposes, however, all amino acids can not serve 
indifferently; only particular amino acids can be used. If these must be sup- 
plied from proteins, the integrity of the latter is destroyed. Sucii a process of 
depletion can not progress far without destroying the physiologic activity of 
the protein which depends upon the nature, number and arrangement of the 
amino acids of which it is composed. The interchanges demonstrated by 
Schoenheimer (391) may, in part, represent replacement of units that haxe 
been used for such synthetic purposes. If the organism is deprived of replace- 
ments from outside sources, a state must be reached in which, the utility of a 
protein having been lost by attrition, the residue is discarded for fuel. Such 
a hypothesis affords the most adequate explanation of the phenomena of mini- 
mum nitrogen metabolism. The excretion of urea, which may be regarded 
as the ultimate ash of burned protein, falls to a minimum, while the less com- 
pletely oxidized nitrogen compounds, which represent products of more special- 
ized acthities, diminish little. Millard Smith (410), indeed, calculated that 
when nitrogen metabolism was reduced to an extreme minimum the urea + 
ammonia in the urine could be regarded as merely a w aste product of the forma- 
tion of creatinine. This should probably be enlarged to include other essential 
nitrogenous compounds. 

Deamination appears to be a necessary first step in the oxidation of amino 
acids. It is also an essential preliminary to other reactions in which they are 
involved. Virtue and Lewis (462) have shown that when deamination of 
cystine or methionine is retarded by the introduction of a benzoyl group upon 
thea-carbon, the oxidation of the sulfur of both compounds and the liberation 
of the methyl of methionine are blocked. The specific portions of the amino 
adds are not altogether inactive, as Foster, Rittenberg and Schoenheimer (176) 
have shown that some of them will take up deuterium from heavy water in the 
body. Deamination can not be requisite for these exchanges since deuterium 
was recovered from lysine, which is incapable of reamination. Nevertheless, 



radical changes to which the distal portions of intact amino acids can be sub- 
jected appear to be limited. This was brought out in the discussion of the 
individual amino adds and their reactions. 

The formation of carbohydrate and of ketone bodies from the deaminated resi- 
dues of amino acids must be functions of the liver. 

The formation of many other amino acid derivatives must also reside in this 
organ. Among these may be mentioned taurine, creatinine, and probably 
choline. 


Utilization of amino acids by extrahepalic tissues 
The exchange of amino acids by proteins seems to occur throughout all 
organs and tissues of the body. At least, when labelled amino acids of various 
kinds were given to animals by Schoenheimer et al (391), they were ubiqui- 
tously distributed in the proteins of all tissues. It is generally assumed that 
proteins are synthesized in all tissues, but there is little or no direct evidence 
to support such an assumption. Highly differentiated proteins peculiar to a 
specific type of cell — for example, hormonal proteins — must originate in situ, 
at least in their fully elaborated form. It can not be asserted with assurance, 
however, that they are not developed from some less differentiated protein 
that had its origin elsewhere in the body. In the living organism hormonal 
proteins with thyroid activity are apparently formed only in the thyroid gland, 
but it is possible to confer hormonal activity upon a variety of proteins by 
proper treatment with iodine in the test tube. The differentiation of many 
specific proteins seems to depend chiefly upon the addition of prosthetic groups; 
in others upon the proportions and arrangement of the amino adds they con- 
tain. Evidence is accumulating that serum albumin does not merely impart 
to the blood plasma certain physical properties; it may also be used directly for 
nutrient purposes. 

The muscles . Besides the exchange of amino acids in proteins and the possible 
synthesis of the muscle proteins, transamination and the production of simpler 
amino acids also occurs in muscles. It was in muscle tissue that B raunstein and 
Kritzmann (90) demonstrated the activity of glutamic acid in the processes of 
amination and deamination. It has been rather generally stated that deamina- 
tion occurs only in the liver. It is more correct to say that the formation of 
urea is confined to the liver. Deamination is implicit in the process of trans- 
amination. The utilization of the amine groups for production of urea, how- 
ever, requires the intervention of arginase, which is found only in the liver. 
Borsook (80) found that nonprotein nitrogen increased during incubation in 
slices from all tissues of the rat; but urea increased almost solely in the liver 
and ammonia chiefly in the kidney. Cruickshank and McClure (123) could 
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detect little production of ammonia by the heart-lung preparation. This does 
not mean that ammonia is not produced, but merely that it does not remain 
free in appreciable quantities. If ammonium salts are injected into an animal 
they are removed from the blood with extreme rapidity. Only a small part is 
excreted as ammonia in the urine; the major portion goes to swell urinary urea. 
At the same time Schocnheimer et al (177) demonstrated the ammonia in the 
a-amino groups of every amino acid and in the amidine group of arginine. 
Glutamic acid took it up with especial avidity. It is probable that much of the 
ammonia liberated by muscles is taken up by glutamic acid to form glutamine. 
Hamilton (198a) reports as much as 21.6 mg. per cent of glutamine-N (equiva- 
lent to 225 mg. per cent of glutamine) in skeletal muscle, with lesser amounts 
in all other organs. Leulhardt (271) found considerable glutamine in muscle 
tissue. Reactions involving the liberation of ammonia, even if this is only 
momentary, must be inescapable unless the activity of muscle towards nitrogen- 
containing compounds is limited to the mere transposition of amino acids. 
Borsook (80), however, observed the formation of uric acid by extrabepatic 
tissue slices. 

Metabolism studies indicate that isolated muscle does not derive appreciable 
energy from products of protein. It may be inferred, therefore, that those 
reactions which lead to the oxidation of protein for fuel demand the intervention 
of the liver. They involve deamination by the chain of reactions that leads 
to the formation of urea and the transformation of the deaminized residues to 
materials which the muscles are able to bum. Mann (303) could detect no 
change in the amino groups of the blood proteins of persons nor in the muscles 
of frogs after exercise. Pamas and Lewinski (337) were equally unsuccessful 
in demonstrating increases of urea or ammonia in isolated muscles of frogs 
during contraction. The amino groups of blood and muscle proteins do not 
appear to be involved in the chemical processes of muscular exercise. In the 
muscles themselves the amino acids must participate, cither free or incorporated 
in proteins, in the continuing activities of the tissue and in these activities must 
be subjected to exchanges and transformations that at times or in certain in- 
stances can not fail to involve deamination. 

The kidneys. These organs occupy a unique position. Besides being capable 
of the activities of tissues in general, they exercise certain special functions to- 
wards “die amino adds. The first of these, their selective excretory function, 
has been discussed above. The formation and excretion of ammonia by the 
action of glutaminase upon glutamine have also been described in the section-on 
the dicarboxylic amino acids and is further treated in the chapter on Ammonia. 
It is generally stated that the kidneys share w ith the liver the function of de- 
aminating amino acids. Again it is necessary to define this function more 
precisely. In comparisons of tissue slices from various organs of rats Borsook 
(80) found that nonprotein nitrogen increased in all tissues, urea only in the 
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liver and ammonia in kidney. This is interpreted as evidence that the last 
two organs have deaminating powers while other tissues do not. The forma* 
tion of ammonia, however, is not an expression merely of deamination, but of 
a highly specific reaction of glutaminase upon glutamine. This is not strictly a 
process of deamination. The nitrogen which is liberated from glutamine may 
have been derived from amino groups which were split off in other tissues 
throughout the body. Undoubtedly the kidneys share with other tissues the 
properties of deamination, amination and transamination that are essential 
to the proper conduct of cellular nitrogen metabolism. They have, in addition 
the ability, under the proper stimulus, to liberate as ammonia for excretion, 
amino nitrogen, derived from deaminations throughout the body, which has 
been picked up at its source by glutamic acid. (Aspartic acid may function 
in a similar manner.) 

The kidneys also participate in the production of special nitrogenous com- 
pounds. For example, they form guanidoacetic acid from arginine, although 
the final addition of methyl from methionine, which is required for the full 
elaboration, of creatine, appears to be a function of the liver. The association 
of fatty livers with degenerative lesions of the kidneys and the attendant dis- 
turbances of phospholipid metabolism in both suggest that the kidneys may 
behave like the liver towards these compounds. This would necessarily in- 
volve special treatment, perhaps including synthesis, of the nitrogen-containing 
components of the phosphatides— viz., ethanolamine, choline and serine. 

DISTRIBUTION OF FREE AMINO ACIDS IN THE BODY 

Amino acids of the blood 

Delaunay (134) and Van Slyke and Meyer (442) first demonstrated that 
protein-free filtrates of blood contained measurable amounts of nitrogen which 
gave the reactions characteristic for amino adds. Shortly thereafter Abder- 
halden (5) and Abel, Rowntree and Turner (8) succeeded in isolating amino 
adds from protein-free filtrates and in v ito dialysates of blood respectively. 

The measurement of blood amino acids. Most of the estimations of blood 
amino acid nitrogen in the literature have been made with either the Van Slyke 
gasometric procedures or Folin’s colorimetric method. Approved applications 
of these methods give values of the same order of magnitude, but not in perfect 
agreement. The major proportion of the compounds measured by both 
methods appears to be alpha amino nitrogen. In the original Van Slyke 
gasometric procedure this is particularly true because the rapid rate of reaction 
with nitrous add is characteristic of this group of primary amines. The 
colorimetric method appears to be somewhat less specific (182, 440). How- 
ever, the differences between the two, when the colorimetric procedure is 
properly used, are not great. 

In 1936 Van Slyke and Dillon (438) proposed a new procedure depending 
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upon the application of ninhydrin to filtrates of blood and serum. This re- 
leases carbon dioxide from the carboxyl group attached to the a-carbon. It 
appears to be somewhat more specific and gives lower values than the earlier 
gasoraetric procedures which measured nitrogen released from the a-amino 
group. 

The concentration of amino acid nitrogen in blood. Most observers agree 
that blood of normal jwrsons in the postabsorptivc state contains from 4.5 to 
8.0 mg. per cent of a-amino nitrogen, averaging between 6.0 and 6.5 mg. per 
cent (36, 62,63, 69, 131, 136, 161, 166, 247, 38S). 

Hamilton (198, 198a) and Harris (206) have recently shown that a fraction 
of the amino nitrogen of plasma belongs to glutamine. Hamilton (198a) 
estimates that this compound accounts for from IS to 25 per cent of the a-amino 
acid nitrogen of blood plasma. 

It has been claimed that there is, in addition, a small quantity of polypeptide 
in blood. Bccher and Herrmann (36) found that after hydrolysis the amino 
acid nitrogen of normal blood increased by from 1 to 3 mg. per cent, averaging 
2.3 mg. Puech and Cristol (350) and Godfried (185) have reported that there 
is a little more amino add nitrogen in trichloroacetic add than there is in 
phosphotungstic acid filtrates of blood. The difference they attribute to pep- 
tides Becher and Herrmann (35) believe that amino adds exist in combina- 
tion with indoles, benzoic acid, phenylacetic acid and a variety of other or- 
ganic compounds and that it is these “bound” amino acids as well as poly- 
peptide amino adds that react after hydrolysis of blood filtrates. 

The distribution of ammo nitrogen between cells and plasma. There is dis- 
tinctly more amino acid nitrogen in blood cells than in plasma (6, 37, 199, 212, 
247, 256, 264, 308, 317) Kirk (247) found from 4.3 to 7.7 mg. per cent in 
plasma but from 8.0 to 20 0 mg per cent in cells. By the ninhydrin method, 
Cramer and Winnick (120) report from 2.3 to 7.3 mg. per cent in the plasma of 
normal subjects, while Hamilton and Van Slykc (199) report 3.4 to 5.0 mg. per 
cent. In the blood cells the latter found from 6.5 to 9.6 mg. per cent. Owing 
to the superiority of the ninhydrin procedure these figures are probably more 
accurate than Kirk’s. According to Becher and Herrmann (37) leucocytes 
contain more than ery throcytes do. The mechanism by which such differential 
concentrations are maintained has not been elucidated. Like other concen- 
tration gradients across blood cell membranes, it does not seem to depend 
upon a diffusion equilibrium, but is connected with vital activities of the 
cells. Messing (317) added a number of amino acids to normal dogs’ blood. 
In no instance did the concentration in the blood cells rise until the concen- 
tration of amino add in the plasma had been driven far above normal. 

Cerebrospinal fluid , according to Kasahara and Shingu (238) contains less 
amino acid nitrogen than blood does. Although the amino acid nitrogen 
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in the spinal fluid rose after ligation of the ureters of animals, its concentration 
never equalled that in the blood. 

Tissues. The concentration* of amino acid nitrogen in the tissues is ap- 
proximately 5 to 10 times as great as that in the blood (290, 443). Van Slyke 
and Meyer (443) found that in the tissues of the dog a saturation limit appeared 
to be reached when the muscles contained about 75 mg. per cent of amino acid 
nitrogen, but that the liver could take up much larger quantities. There is an 
exchange between the tissues and the blood, because the tissues take up amino 
acids rapidly when the concentration of the latter in the blood is increased, 
and give them up to the blood again when their concentration falls, as it does 
when food is not taken. Nevertheless, there can hardly be a simple diffusion 
equilibrium between tissues and blood, since there is always a higher concen- 
tration in tissue cells than in blood. 

The amino acids usually amount to from 2 to 4 per cent of the dry weight 
of the various organs. They do not serve as a reserve of food as fatty acids 
and glycogen do, for they do not disappear during a prolonged fast. The 
amino acids may, indeed, be slightly more abundant in the tissues of a starving 
animal than in those of a normally nourished animal. The free amino adds 
in both blood and tissues must probably be regarded as transitory bodies which 
are actively engaged in the metabolism of protein and other nitrogenous 
compounds. 

The excretion of amino acids in the urine 

Except for glycine combined in the form of hippuric acid, the urine normally 
contains only traces of free a-amino acids (166, 208, 272, 390), amounting to 
1 to 2 per cent of the total nitrogen. Since the amino acids in the blood plasma 
appear to be freely diffusible it must be surmised that most of the amino acids 
that enter the glomerular filtrate are reabsorbed in the tubules. So efficient 
is this reabsorptive process that the concentration of amino acids under normal 
postabsorptive conditions may be lower in urine than in serum (248). The 
clearances, however, rise progressively as the concentration in the serum is in- 
creased (248, 292) by the administration of either a single amino acid or a mix- 
ture of amino acids (292). The organism conserves these important com- 
pounds with great solicitude. Nevertheless, it does not protect them as sedu- 
lously as it does glucose or creatine; conditions have not yet been discovered 
in which the urine is entirely free from amino acids. Schmitz and Simon (390) 
reported that diuresis tends to increase the excretion of amino adds, but this 
v as not confirmed by Kirk (248) and by Lyttle (292). 

It must be recognized that all studies of the excretion of amino acids deal 
cither w ith certain selected amino acids or with the total mixture of amino 
acids. The chemical tests employed have measured only the total excretion 
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of a-amino groups. Before tie subject can be adequately discussed in terms 
of clearances, it will be necessary to differentiate between tie individual amino 
adds (343b). There is no reason to believe that all are necessarily treated 
in the same manner by the kidneys. 

The effect of diet and meals on serum amino adds 

The effect of a protein meal. It was shown by Delaunay (134) and by Van 
Slyke and Meyer (442) that the concentration of amino nitrogen in the blood 
of dogs might rise several milligrams per cent during the digestion of a large 
feeding of protein. In man, in the postabsoiptive state, ingestion of a meal 
containing protein causes the amino nitrogen of whole blood to rise only 2 to 
6 mg. per cent. The elevation begins promptly after the meal and is usually 
terminated within 4 hours. 

Ingestion of amino acids. It is more difficult to establish standards for the 
effects of ingested amino acids. There has been no uniformity in the nature or 
doses of the amino acids that have been given by various observers. Witts 
(482) gave to a group of normal adults in the postabsorptive state 50 grams of 
glycine in 10 to 15 per cent solution. The whole blood amino nitrogen rose 
from about 7 to 12 mg. per cent, reaching a peak in from 1 to 4 hours, and 
returning to the postabsorptive level at the end of 6 to 8 hours. When the 
dose of glycine was increased the peak of the curve rose higher and was attained 
later and the return to the normal concentration was delayed. After 15 to 20 
grams of a mixture of equal parts of glycine, leucine, asparagine and tyrosine, 
the whole blood amino acid nitrogen of normal adults, studied by Kirk (247), 
rose rapidly from an average of 6.1 mg. per cent in the postabsorptive state to 
11.2 mg. per cent at the end of an hour, after which it gradually declined again. 
It must be recognized that the ingestion of single amino acids or mixtures of a 
few selected amino adds creates an altogether abnormal condition. Such un- 
balanced mixtures can not, like balanced mixtures or the products of protein 
digestion, be retained or utilized. They can only be eliminated or destroyed 
at once. This may explain why single amino acids or mixtures of two or three 
amino acids have more effect than protein on the blood amino acids. 

The injection of amino acids. There is no theoretical limit to the concen- 
trations of amino add nitrogen which may be produced in the blood by in- 
travenous injections of amino acids. If, however, moderate amounts of a well- 
balanced mixture are given, they are disposed of with remarkable facility. 
Lyttle, Goettsch et al (293) injected intravenously into normal children 
enzymatic hydrolysates of casein in amounts equivalent to 10 to 12 mg. of 
amino nitrogen per kilo. It was estimated that if this were all retained in the 
blood stream, it should raise the plasma amino N by about 30 mg. per cent. 
Nevertheless, the plasma amino N returned to its initial concentration in from 
35 to 95 minutes. 
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Elman (143), after removing from dogs blood equal to 3.5 per cent of their 
body weight, injected an equal volume of a 5 per cent mixture of amino acids 
(hydrolysate of casein) in 5 per cent glucose. Only 10 per cent of the injected 
amino add appeared in the urine and the blood amino add returned to normal 
within 30 minutes of the end of the injection. Although the experimental 
conditions were highly artificial this gives an impression of the efficiency with 
which a well-balanced mixture of amino acids can be utilized. Utilization 
may have been accelerated in this instance by the need created by the hemor- 
rhage. 

Effect of non-protein foods. About the effects of carbohydrate there is some 
difference of opinion. Cossu and Maestri (116) claim that ingestion of 50 
grams of glucose has no effect on blood amino nitrogen, while Schmidt and 
Eastlund (389) detected slight decreases about 3 hours after ingestion of 
glucose. 

Starvation. Fasting, even when prolonged for a number of weeks, does not 
decrease the blood amino nitrogen below the usual postabsorptive concen- 
trations (305, 444). In fact, if anything it seems to increase it slightly (71, 305, 
444). This has been attributed to the fact that the fasted animal derives an 
unusually large proportion of its energy from protein. After starvation has 
been prolonged, however, to the point of severe malnutrition, protein destruc- 
tion is not extreme, especially if there are stores of fat still available (see chapter 
on Net Nitrogen Metabolism). Furthermore, although the subject has not 
yet been systematically investigated, it has not yet been demonstrated that 
the postabsorptive concentration of amino acid N in plasma is directly related 
to the quantity of protein catabolized daily. 

Malnutrition. The relation of plasma amino acids to the nutritive state of 
animals is also largely unexplored. The question must arise whether reduc- 
tions of amino acid N which have been observed in a variety of pathological 
conditions that will be mentioned below may not be marks of malnutrition. 
Goettsch, Lyttle et al (186) found that when dogs were maintained on low 
protein diets, as the proteins of the plasma fell, the amino acid nitrogen of the 
blood rose excessively after intravenous or oral doses of a hydrolysate of casein. 

The effect of other physiological variants 

Age and sex are said to have no definite influence upon blood amino acids. 
They may, however, be slightly lower in infants and young children than in 
adults. Hoeffel and Moriarty (214) found 4.4 to 6.9 mg. per cent of amino 
nitrogen in the whole blood of infants less than 2 years old, 3.9 to 7.1 mg. per 
cent in children from 2 to 15, and 6.4 to 8.1 mg. in adults. Lyttle, Goettsch 
et al (293) found only 2.9 to 4.6 mg. per cent in the plasma of children hos- 
pitalized for conditions that are not supposed to affect the amino acids, values 
distinctly lower than those usually reported in the plasma of adults. 
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The effects of drugs 

The blood amino acids fall slightly during anesthesia produced by pento- 
barbital (121), nitrous oxide or ether (157). Okada (333) noted a rise after 
pilocarpine. 

Drugs and poisons that cause hepatic destruction will induce the disorders 
of amino acid metabolism characteristic of insufficiency of the liver (281, 306). 

The effects of vitamins 

The action of vitamins on specific features of the metabolism of individual 
amino acids have been described above. It has not, as yet been demonstrated 
that any of the vitamins act directly upon the general processes of animation 
or deamination. 


The endocrine glands 

The thyroid gland. Thyroidectomy was found by Okada and Hayasbi (333) 
to have no effect on blood amino nitrogen. Krcti (261) claims that the ex- 
cretion of amino acids in the urine is increased in hyperthyroidism, roughly 
paralleling the basal metabolism. Maddock, Pedersen and Coffer (301) found 
the blood amino acids normal in hyperthyroid crises. Klein (249) has re- 
ported that the livers of rats that have been given active thyroid preparations 
contain more d-amino acid oxidase than do the livers of normal rats. 

The pituitary gland. According to Teel and Watkins (434) and Schaffer 
and Lee (383) injections of anterior pituitary extracts rich in growth hormone, 
while promoting storage of protein in rats, diminish the amino acid and urea 
of the tissues. The reduction of urea may be connected with decreased ar- 
ginase activity in the liver which has been demonstrated by Fraenkel-Conrat, 
Simpson and Evans (180). Hypophysectomy also reduces arginase activity, 
which is restored by injections of adrenocorticotrophic hormone (180). 

Large doses of pitressin increase serum amino adds of dogs (154). 

The suprarenal glands. Adrenalectomy, according to Fraenkel-Conrat, 
Simpson and Evans (181), decreases arginase in the liver of rats. This is 
restored by corticosterone, 1 l-dehydrocorticosterone and ll-dehydro-17- 
hydroxycorticosterone, which also increase arginase in the livers of normal rats. 
Desoxycorticosterone has little effect. 

Epinephrine lowers the blood amino acids of dogs (121). 

The pancreas and insulin. Luck, Morrison and Wilbur (291) first reported 
that injections of insulin caused the blood amino acids to fall sharply. This 
has been verified by several observers (131, 154, 349). After 25 units of insulin 
without food or fluids the blood amino adds of 10 normal medical students 
studied by Daniels and Luck (131) fell on the average 25 per cent. The decline 
roughly paralleled that of the blood sugar, beginning promptly after the injec- 
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tion and remaining depressed for more than 4 hours (see figure 49). Davis 
and Van Winkle (133) were unable to depress the blood amino acids of adrenal- 
demedullated rabbits with insulin, although epinephrine was effective. They 
concluded that the action attributed to insulin was really referable to a second- 
ary outpouring of adrenalin from the suprarenal glands This seems unlikely 
since it begins just as soon as the blood sugar starts to fall. Mirsky, Swadesh 



Time-hours. 


FlC. 49. The effect of insulin upon the concentration of amino acid nitrogen in the blood 
of normal adults The three lines represent maximum, minimum and average values from 
6 experiments. Each subject receh ed 25 units of regular insulin w ithout food. From Daniels 
and Luck (131). 

and Ransohoff (320) showed that the blood amino acids of eviscerated dogs fell 
greatly when the animals were given insulin and glucose simultaneously. This 
suggested that insulin increases the utilization of amino acids by the muscles 
for storage or for the formation of protein. Stadie, Lukens and Zapp (417) 
found that insulin Inhibited the deamination of d-amino acids by liver slices 
from cats. They could detect no effect upon the deamination of the cor- 
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responding natural amino adds. In liver slices from depancreatized cats or 
cats that had received anterior pituitary extracts deamination of the d-amino 
acids was accelerated, while in slices from Houssay cats insulin exerted less 
inhibitory action than it did on slices from normal cats. 

Slight increases of blood amino acids have been reported in individual cases 
of diabetes (161, 415). 

Pregnancy and lactation 

Pregnancy has little or no effect on the concentration of amino acids in 
the blood (322, 544, 441). 

The concentration of amino nitrogen in the systemic blood of lactating 
women is atso normal (202). In lactating cows amino acids are lower in blood 
from the mammary vein than in arterial blood (191) or jugular vein blood (60). 
The mammary glands appear to withdraw amino acids from the blood for the 
formation of milk-proteins. 

Diseases and injuries of the liver 

Experimental studies Whipple and Van Slyke (unpublished results) found 
that the blood ammo nitrogen of dogs with Eck fistulas (lid not rise even when 
the protein metabolism was augmented by administration of meat or by toxic 
tissue aulolj'sis. When, however, Bollman, Mann and Magath (70) excised 
the livers of dogs completely the blood amino nitrogen rose rapidly and steadily, 
while blood urea fell Monkeys behave m a similar manner (300). These two 
sets of experiments clearly establish the mdispensability of the liver for the 
deamination of amino acids and the formation of urea At the same time 
they show that this function does not fail until liver tissue is reduced to minimal 
proportions Deamination and urea formation are not demonstrably impaired 
until 90 per cent of the liver has been removed (311). 

Levene and Van Slyke (272) detected no increase in the proportion of amino 
nitrogen in the urine of dogs that were killed after extreme liver degeneration 
had been produced by phosphorus and chloroform, but while the animals were 
still alive. Marshall and Rowntree (306), however, noted unusually large 
quantities of amino nitrogen in both blood and urine of dogs, poisoned with 
phosphorus and chloroform, immediately before death. The amino nitrogen 
in the blood of rabbits poisoned with hydrazine by Lewis and Izumc (281) 
rose and the animals w ere less able than normal animals to transform injected 
glycine into glucose. These effects the observers attributed to the liver de- 
generation which the rabbits exhibited. 

Blood and urine amino acids in diseases of the liter. Since experimental 
work indicates that only subtotal destruction of the liver has any demonstrable 
effect on blood amino acid nitrogen it is not surprising that the concentration 
of amino acids in the blood is little disturbed in diseases of the liver and bile 
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ducts. Normal values have been reported in chronic hepatitis and cirrhosis 
(161, 388, 482, 491) and infectious and toxic jaundice (491). Slight elevations 
have been noted in some cases of syphilis with arsenical hepatitis (491). Only 
in the terminal stages of acute yellow atrophy does hepatic destruction become 
so complete that there is a consistent and sometimes great increase in the con- 
centration of amino acids in the blood and their excretion in the urine. Values 
of 15 to 25 mg. per cent of blood amino nitrogen are not uncommon (161, 388, 
418) and in one unusual case reported by Rabinowitch (353) the concentration 
before death reached 200 mg. per cent. Similar values might be expected 
in the agonal stages of yellow fever, since Wakeman and Morrell (467) found 
extremely high concentrations with proportional reductions of urea shortly 
before death in monkeys with experimental yellow fever. 

Tests of liter function based on the rate of metabolism of administered amino 
acids. It has been proposed that, while nearly complete destruction of the 
liver may be necessary to prevent it from deaminating amino acids as rapidly 
as they are formed by digestion or the normal attrition of tissues, if the organ 
were subjected to strain by the administration of extra amounts of amino acids, 
disturbances of deamination might become apparent even when liver damage 
was moderate. Thus far, however, tests based on this principle have given 
inconsistent results. Jastrowitz (234) in 1908 reported that after a dose of 
glycine by mouth more of the amino acid appeared in the urine of patients with 
cirrhosis and luetic hepatitis and of animals with phosphorus and arsine poison- 
ing than in the urine of normal men and animals, von Falkenhausen (152) 
found that a 20 gram dose of mixed amino acids caused the blood amino nitro- 
gen to rise more in the blood of patients with liver disease without icterus 
and less in the blood of patients with icterus than in the blood of normal per- 
sons. Witts (482), after a careful analysis of these procedures, concluded 
that “Tests based on the change in the amino nitrogen or urea in the blood 
after ingestion of protein or amino acids are of no value in the diagnosis of 
hepatic disease.” 

Kirk (247) gave to normal persons and to patients with liver disease 15 to 20 
grams of a mixture containing equal parts of glycine, leucine, asparagine and 
tyrosine. In a certain number of the patients the blood amino acids rose, in 
the first 2 hours, a little further than they did in normals; but the rises were not 
great enough nor consistent enough to be of any diagnostic value. The excre- 
tion of amino nitrogen in the urine was not appreciably disturbed. 

Diseases and disorders of the kidneys 

In terminal stages of chronic glomerular nephritis or advanced arterial 
disease with renal failure high values for blood amino nitrogen have been re- 
ported by several observers (34, 62, 69, 136, 245, 415). These can not be 
correlated with other measures of kidney function. For this reason Kirk (245) 
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attributes them to a failure of the processes involved in the metabolism of 
amino acids. When he gave to such patients, in the postabsorplive state, 
25 grams of glycine, the rise of blood amino acid was excessively high and pro- 
longed and, in two of the patients, the usual subsequent rise of blood urea was 
less pronounced than usual. After the administration of ammonium citrate, 
however, the ammonia of the blood did not rise higher in ncphritics than in 
normals. The defect in the metabolism of amino acids is, therefore, placed by 
Kirk in the process of deamination rather than the formation of urea (216). 

Becher and Herrmann (38), Godfried (185) and Puech and Cristol (350) 
claim that the concentration of polypeptides in the blood also increases in ad- 
vanced nephritis. 

In children with the nephrotic syndrome Tarr and MacFadyen (156) found 
the serum amino acids distinctly reduced. In the febrile abdominal crises that 
characterize the condition the amino nitrogen fell still further. These drops 
were attended by increased loss of nitrogen in the urine (147). Kirk (246) 
detected no disturbance of the utilization of administered glycine in this con- 
dition. 


Injury, infections and shock 

In the terminal stages of fatal hemorrhage Engel, Winton and Long (149) 
noted sharp rises of the blood amino acids of rats. Engel, Russell, Long and 
Wilhelmi (148, 376, 377) have shown that in this condition there is increased 
destruction of protein in the peripheral tissues and impaired utilization of the 
liberated amino acids by the liver. 

In a study of the nitrogen metabolism of patients alter severe injury and 
operations and during serious infections, Man (302a) discovered that the con- 
centrations of a-amino acid nitrogen in the plasma were usually low, despite 
the fact that the nitrogen metabolism in these cases was often greater than 
normal. A large proportion exhibited the phenomenon of "toxic destruction 
of protein" discussed in the chapter on Net Nitrogen Metabolism. Farr and 
associates (158, 159) found the amino acids of the plasma of patients with 
pneumococcal pneumonia distinctly reduced as early as the first day of the 
disease. They gradually rose during convalescence, reaching normal concen- 
trations when recover}’ was complete. In 5 out of 6 cases they fell below 3.0 
mg. per cent, whereas the average in the normal control series was 4.5 mg. per 
cent. Slight and not altogether consistent reductions were observed also in 
patients with scarlet fever and measles (159). 

In a further analysis of the subject Man (302a) found that plasma amino 
add nitrogen usually fell sharply in the course of 24 hours following operation 
in the plasma of patients who had been in relatively good health and nutrition 
with normal plasma amino acids before operation. They remained low during 
the acute stage of the postoperative course, to rise gradually during convales- 
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cence. If the patients were malnourished or ill before operation, the plasma 
amino acids, initially low, were not so regularly affected by operation. This 
fall of amino acid nitrogen, therefore, appears to be a reaction to injury. It is 
not related to the rate of nitrogen metabolism as measured by the blood non- 
protein nitrogen and the nitrogen balance. In the 24 hours immediately 
following operation the nonprotein nitrogen seldom changed appreciably; 
urinary nitrogen excretion was comparatively small. In the postoperative 
period the urinary nitrogen excretion rose strikingly, especially when large 
amounts of protein were given. Plasma amino acids, however, reflected none 
of these variations, remaining depressed until convalescence was well advanced. 
No explanation has been found for this phenomenon. It may, however, explain 
many of the reductions of plasma amino acids that have been reported in a 
variety of diseases. 

Miscellaneous diseases 

In leukemia increases of a few milligrams of amino acid per 100 cc. of blood 
have been noted (382, 388). They appear to parallel the white cell count and 
may be referable to the fact that the concentration of amino acids is 6 to 7 
times greater in leucocytes than it is in plasma. 

Slight increases of amino adds have been observed in individual patients 
with a variety of diseases other than those mentioned above, among them 
heart failure (136, 161), anemia (192) and a number of infectious diseases (34, 
136, 192). None of these increases appears to have a direct relation to the 
disease in which they were observed. They are, therefore, of no diagnostic 
importance. 

Parenteral use of amino acids 

As far as the constituents of protein are concerned, animals and human beings 
have been kept alive and in nitrogen equilibrium for considerable periods by 
parenteral injections of hydrolysates of proteins (143, 144, 145, 153, 155, 293, 
302, 408). Acid hydrolysates should have a theoretical advantage in that they 
could be prepared from purified protein without the introduction of other 
organic material. Thus far, however, such preparations have not been prac- 
tical because they have required the addition of tryptophane and cystine, 
which are partly destroyed in the usual processes of acid hydrolysis. White 
and Elman (476) have shown that destruction of these amino acids can be 
prevented by the use of more dilute acid as a hydrolyzing agent, especially 
if the hydrolysis is conducted in the absence of oxygen. It is to be hoped, 
therefore, that satisfactory acid hydrolysates may presently be available. 

Meanwhile enzymatic hydrolysates of casein can be procured and have been 
used with some success. They have the disadvantage that they contain foreign 
material introduced in the process of hydrolysis and a certain proportion of 
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polypeptides. They induce nausea, vomiting and other unpleasant symptoms 
when injected too rapidly; but can be used for long periods without serious 
untoward effects. It has been demonstrated, both in animals and patients, by 
Elman (144, 145) and others (153, 293, 302, 40S) that they will not only main- 
tain nitrogen equilibrium, but also promote nitrogen storage in wasted subjects, 
and can be used for the regeneration of scrum protein (143) and tissue proteins. 
Farr (153, 155) has recommended their use in the abdominal crises of the 
nephrotic syndrome, when the serum amino acids fall. Iagin and Zinn (151) 
claim that they have a beneficial action in cirrhosis of the liv cr. 

It is possible to give such hydrolysates by mouth to patients with gastro- 
intestinal conditions, such as pancreatogenous steatorrhea, in which the diges- 
tion and absorption of protein are impaired. This procedure has been em- 
ployed. It is not, however, entirely satisfactory' because available preparations 
are peculiarly unpalatable. Moreover, it is usually possible by proper dietary 
prescription to enable patients with these conditions to absorb sufficient pro- 
tein from ordinary foods. 

Theoretically the best preparation for parenteral use would be one which 
contained ideal proportions of amino acids in pure form. It has been men- 
tioned above that normal human subjects were maintained in nitrogen equi- 
librium for limited periods with no other dietary' nitrogen than that provided 
by the 10 essential amino acids. When, however, Albanese and Irby (17) fed 
similar diets to rats for long periods they did not thrive, but deteriorated. 
They were rapidly restored to health by substitution of hydrolyzed casein. 
Albanese and Irby attributed the deleterious effects of the mixture to the 
inclusion of unnatural isomers. Madden, however, has successfully main- 
tained animals (298) and humans (297) on pure amino acids containing un- 
natural isomers for long periods. His success may depend upon the addition 
to the essential amino acids of a certain amount of glycine. This may be a 
necessary supplement to supply amino nitrogen for the production of non- 
essential amino acids or to facilitate the formation of those compounds which 
are formed from glycine. There is reason to believe that a satisfactory mixture 
of pure amino acids may be discovered and that it may be possible to produce 
it on a practical commercial scale. Madden’s (297) observations indicate that 
it would be far superior to hydrolysates because mixtures of pure amino acids 
can apparently be iniected in high concentration with great rapidity without 
undue wastage or the production of untoward reactions. 

It is even conceivable that various mixtures may be used to meet special 
indications and particular requirements. 
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Chapter X 


UREA 

The synthesis of urea from ammonium cyanate by Wohler in 1828 first 
proved the possibility of preparing artificially a substance elaborated by living 
organisms. It validated the chemical approach to biology and physiology. 
This discovery almost coincided with Bright’s (28) description in 1827 of the 
disease that has been named after him. Within a year Christison (39) re- 
ported increases of urea in the serum of patients with this disease. Since then 
this substance has held the center of the stage in studies of renal function in 
experimental physiology and pathology as well as in clinical medicine. 

Urea has a three-fold significance: (1) It is the chief end product of protein 
catabolism; (2) It is the main excretion product that the kidneys must elimi- 
nate; (3) As a natural diuretic it is one of the factors that controls the flow of 
urine. 


COMPOSITION AND PROPERTIES OF UREA 
Composition. Urea, as its formula below shows, is the diamide of carbonic 
acid. 

NH, 

/ 

0=C 

\ 

Nil, 

When hydrolyzed by acids, alkalies or the enzyme urease it yields ammonia 
and C0 2 . Its high nitrogen content, 46.6 per cent, its neutral and non-toxic 
character and its ready difliusibility peculiarly adapt it to serve as a vehicle 
for the excretion of waste nitrogen. 

Distribution of urea in the body. Urea appears to traverse almost all mem- 
branes within the mammalian organism without apparent resistance. The 
meninges and the ocular membranes may be exceptions to this rule. Meyers 
and Fine (145), in a group of nephritic patients, found an average blood urea 
of 107 mg. per cent, w hile the spinal fluid urea averaged only 94. Cockrill (41) 
and Leopold and Bemhard (119) found similar discrepancies. In a large series 
of analyses by Fremont-Smith and associates (72) the nonprotein nitrogen of 
serum was so much higher than that of spinal fluid that the differences could 
be explained only by an uneven distribution of urea. On the other hand, 
Cullen and Ellis (50) and Galan and Houssay (74) detected no differences 
between the concentrations of urea in the two media. Cullen and Ellis, how- 
ever, confined their studies to patients with syphilis of the central nervous 
system in which the permeability of the meninges may have been altered. 

S3 s 
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When hydrolyzed by acids, alkalies or the enzyme urease it yields ammonia 
and CO 2 . Its high nitrogen content, 46.6 per cent, its neutral and non-toxic 
character and its ready diffiusibility peculiarly adapt it to serve as a vehicle 
for the excretion of waste nitrogen. 

Distribution of urea in the body. Urea appears to traverse almost all mem- 
branes within the mammalian organism without apparent resistance. The 
meninges and the ocular membranes may be exceptions to this rule. Meyers 
and Fine (145), in a group of nephritic patients, found an average blood urea 
of 107 mg. per cent, while the spinal fluid urea averaged only 94. Cockrill (41) 
and Leopold and Bernhard (119) found similar discrepancies. In a large series 
of analyses by Fremont-Smith and associates (72) the nonprotein nitrogen of 
serum was so much higher than that of spinal fluid that the differences could 
be explained only by an uneven distribution of urea. On the other hand, 
Cullen and Ellis (50) and Galan and Houssay (74) detected no differences 
between the concentrations of urea in the two media. Cullen and Ellis, how- 
ever, confined their studies to patients with syphilis of the central nervous 
system in which the permeability of the meninges may have been altered. 
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The concentration of urea is definitely lower in the aqueous humor of the eye 
than in the blood plasma (18, 191). 

Into lymph (74, 96) and transudates (54) and into the cells ol the body 
(56, 73) urea appears to diffuse with utmost freedom. Tor this reason this 
substance has no influence upon the distribution of fluid between these media, 
although it contributes to the osmotic pressure of all alike. It will be shown 
later that it is filtered into the urine through the glomerular tuft. 1 It appears 
to diffuse freely in both directions across the membranes of the alimentary 
canal and the digestive glands, so that its concentration per unit of water is the 
same in pancreatic juice (74), bile (35, 73), and the intestinal contents (12, 152, 
194) as in blood plasma. The concentration of urea is far lower in saliva than 
in blood (74, 98). However, the concentration of urea + ammonia nitrogen 
in saliva is approximately the same as the concentration of urea nitrogen in 
blood. This has led Hench and Aldrich (98) to conclude that urea passes freely 
by diffusion into saliva, but is decomposed in the mouth by bacteria, with the 
formation of ammonia. This view is supported by Bramkamp’s (27) observa- 
tion that the concentration of urea in saliva is not affected by the rate of flow 
of saliva. In the stomach a somewhat similar condition exists (121, 131); 
but in this organ urease is responsible for the formation of ammonia from 
urea (121). 

Urea is a regular constituent of sweat (17, 86) Its concentration in this 
secretion approaches or possibly slightly exceeds its concentration in serum. 
Barney (17) found that the ratio of nonprotein nitrogen in sweat (this is chiefly 
urea (17, 86) to nonprotein nitrogen in. blood plasma averaged 1.3. Pemberton, 
Cajori and Croutcr (151) observed still higher ratios. These must be dis- 
counted somewhat for the effects of unavoidable evaporation. Nevertheless 
the sweat glands may have the capacity to concentrate urea. This is so limited 
that even the most active skin is a less efficient organ for the excretion of urea 
than the most seriously injured kidney. 

The actions of urea. Because it was discovered early by Bright (28) and 
Christison (39) that urea, the chief end-product of protein metabolism and the 
most plentiful urinary excretory substance, accumulated in the blood in nephri- 
tis, it earned the reputation of being a toxic compound responsible for the 
symptoms of “uremia." Actually it appears to be a peculiarly bland sub- 
stance. The difference of opinion seems to arise from failure to recognize the 
dehydrating effects of the diuretic action of urea. Hewlett, Gilbert and 
Wickett (100) found that administration of urea by mouth, in such amounts 
that the blood urea rose to heights usually encountered in “uremia," induced 
dizziness, apathy and weakness. Marshall and Davis (130), Leiter (118) and 
Streicher (178), by intravenous injections of urea, succeeded in producing in 

* Elasmob ranch fishes utilize urea to maintain a high internal osmotic pressure in order to > 
facilitate the exchange of water In their marine environment (173). 
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dogs a condition characterized by sodium depletion, acidosis, vomiting, diar- 
rhea, muscular irritability, convulsions, coma and death. These symptoms, 
however, may have been referable, not to the accumulation of urea in the body, 
but to the loss of fluid resulting from the efforts to eliminate the urea. In 
patients with anuria blood urea can rise quite as high without provoking such 
symptoms (154). When Bollman and Mann (24) implanted the ureters of 
dogs in the intestines the blood urea nitrogen rose to sustained levels as high 
as 300 mg. per cent without the appearance of any symptoms of intoxication. 
In similar experiments Geer and Dragstedt (77) observed only cachectic symp- 
toms. Under the conditions of these experiments the dehydrating effect of 
urea was not evident because the urine was so largely reabsorbed. As much 
as 50 grams of urea has been taken daily for a considerable period by a normal 
adult male without the production of symptoms (143); larger doses have been 
given to patients. 

To rabbits urea is distinctly toxic, causing convulsions. When this animal 
is given urea, ammonia, for some reason, accumulates in its blood. This 
peculiar anomaly, first discovered by Bang (15), has been verified by Barnett 
and Addis (16) and others. 

The utilization of urea. Endogenous urea is, under ordinary circumstances, 
to be considered essentially as an end-product of protein metabolism, serving 
no nutritive purpose. Exogenous urea may serve as something more than a 
diuretic waste product. Herbivora can utilize both urea and ammonium 
salts for nutritive purposes; but this faculty seems to depend upon the syn- 
thetic activity of bacteria in the alimentary canal (34, 93a, 120a, 140). Kriss 
and Marcy (114a) recovered in the urine and feces all the urea administered 
to rats. In experiments on humans ingested and injected urea has never 
been recovered completely in the excreta (see 143) ; but it has seldom been 
given in large enough quantities and over sufficiently extended periods to per- 
mit evaluation of the deficits. When Moore, Lavietes et al (143) gave large 
quantities (25 to 50 grams daily) they established unequivocal positive balances 
in both normal subjects and patients with the nephrotic syndrome. With 
somewhat smaller amounts Grabfield (85) observed retention of urea by 
nephrotic patients but not by normal subjects. In neither study did the re- 
tained nitrogen manifest itself in the blood. In contrast to the apparent 
utilization of urea in these experiments, when Schoenheimer (165) foj rzts 
urea ear-marked with heavy' nitrogen, this nitrogen was all recovered in u* 
There was no evidence that it could be used for any purpose. The po*sp-:jj t y 
still remains that administration of large amounts of urea to man mzy^^L ' 
the formation of endogenous urea and reduce nitrogen catabolism. 
portions retained are, however, so small that urea at the best is a 
economical nutrient for carnivores or omnivores. 

Urea the chief end-product of protein metabolism. Urea can be 
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ihc most completely oxidized and the most abundant derivative of protein 
metabolism. It may be regarded as the end-product of the catabolic processes 
of protein metabolism that contribute to energy -production in contrast to other 
less oxidized excretory nitrogenous compounds such as uric arid and creatinine 
which play, or are derived directly from other compounds that play, specialized 
rflles in intermediary metabolic processes. Variations in the amount of protein 
nitrogen catabolized are almost quantitatively reflected in the amounts of urea 
nitrogen excreted in the urine. This is illustrated by the data of table 33, 
taken from the classic paper of Folin (66). In this experiment 93 per cent of 
the difference between the nitrogen excreted on high and low protein diets 
consists of urea nitrogen. The same phenomenon is illustrated in table 25 
in the chapter on Net Protein Metabolism. Ordinarily urea constitutes 80 to 
90 per cent of the urinary nitrogen; but merely lowering the protein content 
TABLE 33 

Comparison of Twenty -tour-hocr Urinary Excretions or tiie Same Terson after 
Several Days 

Tint on a moderately high protein diet, then on a low protein (chiefly fat and carbo- 
hydrate) diet (Folin (66)). ' 



men noRn tun 

tow Fsormr cut 

Volume of unne 

1170 CC. 

385 cc. 

Total nitrogen 

16 8 grams 

3 60 grams 

Urea nitrogen 

14.7 grams = 87 5 per cent 

2 20 grams = 61 .7 per cent 

Ammonia nitrogen 1 

0 49 gram - J 0 per cent 

0.42 gram •= 11.3 per cent 

Unc acid nitrogen 

0 18 gram — 1 1 per cent 

0.09 gram - 2.5 per cent 

Creatinine nitrogen 
Undetermined nitro- 
gen 

0 58 gram 3.6 per cent 

0.85 gram = 4.9 per cent 

0 60 gram ** 17.2 per cent 


of the diet may reduce the urinary urea so much, without affecting the excretion 
of other nitrogenous compounds, that the percentage falls to 60 per cent. 

When protein catabolism is accelerated by autoljsis of tissues or "toxic 
destruction of protein” the effect on urea formation and excretion appears 
to be quite similar to that caused by the catabolism of extra exogenous protein. 
Trom the standpoint of overall metabolism, therefore, the subject of the quan- 
titative formation and excretion of urea has been covered in the chapter on 
Net Protein Metabolism. It is necessary here merely to state that there is 
only one condition thus far known in which most of the protein destroyed is 
not converted to urea. In the last stages of acute yellow atrophy of the liver 
(160, 176), yellow fever (189) and other destructive hepatic diseases, the 
proportion of amino acid nitrogen in both blood and urine may increase greatly, 
while the urea may diminish. This arises from the fact that the ability of the 
liver to form urea fails. In the most extreme case of yellow' atrophy reported, 
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Rabinowitch (160) found only 6 per cent of the urinary nitrogen in the form 
of urea. In another case, on the day preceding death, Stadie and Van Slyke 
(176) found 45 percent of the urinary nitrogen in the form of urea, 12 per cent 
as ammonia, 13 per cent as amino acids, and 23 per cent as undetermined 
nitrogen, with a total excretion of 13.6 grams of nitrogen, all of which was 
derived from body tissue. Tileston and Comfort*(182) first called attention 
to a comparable disturbance of the distribution of nonprotein nitrogen in the 
blood. Both these phenomena are of little diagnostic value because they are 
observed only in the premortal stages of liver disease. The ability to form 
UTea is one of the last functions of the liver to fail. 

THE FORMATION OF UREA 

The site of formation of urea is the liier. Yon Schroeder (167) in 1882 found 
that ammonium carbonate, when perfused through a dog's liver, was converted 
to urea, but that no urea was formed when the liver was excluded from the 
circulation and the blood was passed through muscles and other organs. Salas- 
kin (161) demonstrated that urea was formed from amino acids by the perfused 
liver. Van Slyke and Cullen (183) showed that during the digestion of meat 
the urea in the blood of dogs increased as the blood passed through the liver 
and diminished again as it passed through the rest of the body, including the 
kidneys. No evidence could be found in these experiments that urea was 
produced in the muscles, but the differences in amino acid and urea nitrogen 
could not be measured with sufficient accuracy to exclude this possibility alto- 
gether. Most conclusive evidence that urea originated only in the liver was 
provided when Bollman, Mann and Magath (25) succeeded in removing both 
liver and kidneys from dogs without immediately fatal results. In animals 
thus treated the blood urea remained constant. If the kidneys were removed 
with the liver intact the blood urea rose rapidly and progressively. If the liver 
was removed with kidneys intact it fell. These results have been duplicated 
in monkeys by Maddock and Svedberg (129). Even such unequivocal evi- 
dence failed to convince certain observers that urea originated exclusively in 
the liver (67). Since the reactions and enzyme systems involved in the forma- 
tion of urea have been elucidated and the processes have been demonstrated 
with liver tissue in vitro, all doubts have been quelled. 

The reactions by which urea is formed. Because it was found that the liver 
produced urea from ammonia, the opinion long prevailed that ammonia re- 
leased by "the deamination of amino acids combined with COj and water to 
form bicarbonate which was then converted to urea, reactions that can be 
depicted in the following manner: 

K-CH<NIT,)-COOH + HjO = R-CHOH-COOH + NHi 

Nir, + co, + ir,o *= nhjico, 

2NH.HCO, « (N1I,),C0 -f 3H,0 + CO, 
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Since the ammonia circulating in the blood is negligible this hypothesis would 
require that both deamination and urea formation occur in the liver. More- 
over, it failed to explain the faculty of tissues in general to remove ammonia 
from the circulating blood. 

The present accepted theory of urea formation has been described in detail 
in the chapter on Amino Acids; it need only be summarized here. Deamina- 
tion, with formation of ammonia, appears to be a property of all tissues. The 
ammonia, if it is not immediately used for the formation of other compounds, 
especially amino acids, is picked up by (he dicarboxylic amino acids, or by 
ornithine or citrulline which are converted to asparagine, glutamine, citrulline 
and arginine respectively. These amides are conveyed to the liver, where the 
arginine is reconverted by arginase to ornithine, with the liberation of urea. 
It is only this last process which is limited to the liver. Glutamine, which, 
by the action of glutaminase, can give rise to ammonia in the kidney, can also 
contribute to the formation of urea, in the liver, both directly and perhaps by 
donating ammonia to citrulline. 


THE RENAL EXCRETION OF UREA 


Ambard (10, 11) first suggested that the rate of excretion of urea was related 
to its concentration in the blood and urine respectively. This relation he 
B 

formulated in the mathematical equation, => a constant, in which 

B and V represent the concentrations of urea in blood and urine respectively, 
V the volume of urine excreted in a unit of time. On careful analysis this 
equation proved to be quite inaccurate. Addis (1, 2, 3, 6), from a large series 
of comparisons of blood urea with urea excretion under various conditions, 
concluded that the rate of excretion was directly proportional to the concen- 
ts 


Austin, Stillman and Van Slyke (13) subsequently showed that this simple 
relation held only so long as the rate of urine excretion exceeded a minimum 
which, they estimated, amounted to about 2 cc. per minute in man. Below 
this urea excretion decreased with the urine volume in what appeared to be a 


• cVv in which C is a 


constant. The urine volume at which this relation changed the authors named 
the “augmentation limit.’’ 

By means of this relation Austin, Stillman and Van Slyke proposed to reduce 
all urea clearances to standard terms which would permit comparison irrespec- 
tive of the rate of urine excretion. When the rate of urine flow was 2 cc. per 

minute or more the formula for “maximum clearance," was employed, 
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when it was less than this, the equation — C-y/v was used in the form 

which they termed the “standard clearance.” This, it will be seen, is 
Ji 


actually, according to their theory, the rate of excretion that would obtain 
if the urine flow were 1 cc. per minute. The maximum clearance should be 
related to the standard clearance as the V% or maximum clearance = 
approximately 1.4 X standard clearance. All these formulae were developed 
empirically on a statistical basis, without consideration of theories of renal 
function, which were at that time subjects of acute controversy. Austin, 

UV 

Stillman and Van Slyke attached to the ratio -=r- the name clearance, pointing 


out that it represents the virtual volume of blood cleared of a given solute in a 
measured time interval. This concept proved of the greatest value in the 
elucidation of the details of renal function when the principles governing the 
action of the kidneys had been established . It is evident that if for B is sub- 
stituted the concentration in plasma (or the water in plasma) P, the clearance 

of any substance which is excreted by filtration alone will be a measure 

of the rate of glomerular filtration. Furthermore, by comparing the clearance 
of any filtrable substance with that of a substance that is excreted by filtration 
alone, the proportion of the first substance which is either excreted or reab- 
sorbed can be estimated. 

With the establishment of the modem theory of renal function, it became 
possible to examine more precisely the excretion of urea. That urea freely 
traverses the glomerular filter of amphibians was demonstrated by direct 
analysis of glomerular fluid (192). There is every’ reason to believe that this 
is true in mammals as well. Cushny (52), assuming that urea was filtrable, 
decided that it escaped reabsorption in the tubules. Rehberg (103), by com- 
paring its clearance with that of creatinine, concluded that a large proportion 
of the filtered urea was reabsorbed in the tubules of man. Although it has since 
been shown that by man creatinine is partly secreted by the tubule cells, 
Rehberg’s conclusion about the reabsorption of urea has been substantiated 
by measurements of filtration with more reliable reference substances (37, 168). 
The comparable clearance principle, which he initiated, has been the instru- 
ment by which the factors which determine the excretion of urea have been 
ascertained. 

The influence of plasma urea and urine volume on the excretion of urea. At 
generous, but not extremely large, rates of urine "formation (2 to 10 cc. per 
minute) about 50 per cent of the urea filtered through the glomeruli is reab- 
sorbed in the renal tubules. Over this range it is difficult to detect any sys- 
tematic relation between the urea clearance and urine volume or any systematic 
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variation, of the ratio of the urea clearance to the creatinine clearance or to the 
clearances of substances that measure glomerular filtration. Within these 
limits the excretion of urea is directly related to its concentration in the blood 

VV . 

plasma; the relation described by the ‘‘maximum” or simple equation is 

approximately constant. At low rates of urine flow both the constancy of this 
relation and of the ratio of the urea clearance to other clearances are disturbed, 
but not in a manner that can be strictly attributed to urine volume. From a 
statistical treatment of data Addis and Drury (5) could establish no direct 
correlation between urea clearances and urine volumes even in extreme oliguria, 
although they recognized a greater frequency of low clearances with low' rates 
of urine formation, lljering (20) and Rchberg (103) found that when the urea 

concentration ratio, rose above a rrrtain point, the proportion of urea re- 
absorbed decreased: that is, the concentration ratio of urea did not rise as much 
as did the concentration of creatinine. Hi is also has been substantiated with 
other reference substances than creatinine (16S). Cheslcy (38) could detect 
no augmentation limit for urea excretion; but found that as the urine volume 
fell below about 0 5 cc. per minute the concentration ratios of urea and a number 
of other solutes reached maximal values. In the dog, in which the creatinine 
clearance is a measure of glomerular filtration, Shannon (168) found that the 
ratio, urea clearance: creatinine clearance, is logarithmically related to the 
concentration ratio — of creatinine and varies with the urine flow at all ratios 

of the latter. Dominguez (55) from theoretical considerations came to the 
conclusion that the relation of the urea clearance to urine volume should take 
the form of an asymptotic curve, described by the equation, Clearance = 
/f(l — e - **) in which A is the asymptote. This would mean that the concen- 
tration ratio of urea rose, as the urine volume diminished, to approach the 
limit Ak. Above this concentration the clearance would vary directly with 
the urine volume. This equation, he showed, fitted published data better 
than did the equation of Austin, Stillman and Van Slyke. 

All these observations indicate that the relation of the urea clearance to 
urine volume, although something more than adventitious, is not altogether 
direct, but depends upon the general coincidence of oliguria with high concen- 
tration ratios. Rehberg (103) suggested that urea was reabsorbed, not by an 
active process comparable to secretion, but by’ back-diffusion. According 
to this hypothesis, as water is reabsorbed urea diffuses back into the blood 
stream; but its return is resisted so that always proportionately less urea than 
water is returned. As the concentration of urea in the tubular urine rises 
higher and higher, however, the rate of back-diffusion approaches the rate of 
reabsorption of water, until finally, when a maximum concentration ratio is 
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reached, water and urea are reabsorbed in constant proportions. This ex- 
planation has been accepted by Smith (173) and Shannon (168). The actual 
limiting factor may be the capacity of the tubules to withdraw water against 
the osmotic pressure of the urea. Gamble, McKhann et al (73, 76) found that 
rats, when given increasing amounts of urea, drank progressively larger quan- 
tities of water until a point was reached at which water and urea were taken in 
constant proportions and urea was excreted at a constant concentration. The 
ability to concentrate urea was quite independent of the concentrations of other 
solutes, including sodium chloride and sugar. This was proved more rigidly 
by Gilman and Kidd (79) by experiments in which urea and salts were injected 
intravenously into dogs. This concentration has not been ascertained with 
certainty for man because humans have not been subjected to the rigorous 
procedures practised on dogs by Gilman and Kidd. In dehydrated men 
Adolph (7) observed urine urea concentrations as great as 0.782 molar. 

The “standard” clearance correction of Austin, Stillman and Van Slyke (13) 
may be useful as a means of comparing approximately the urea excretion of 
normal subjects at low and high rates of urea formation; but for more accurate 
comparison a large enough volume of urine should be assured (not less than 1 or 
2 cc. per minute) to permit direct comparison of “maximum” or uncorrected 
clearances. In data of Cope (43), Ong (148) and others, standard clearances 
have a greater variability than “maximum ’ clearances. The correlation 
between “standard” clearances of urea and clearances of creatinine or sugars 
in the series of Ong (148) and of Chasis, Jolliffe and Smith (36) is also poor. 
Hayman, Halsted and Seyler (94) found that although the measured clearance 
of urea was always lower than that of creatinine, the “standard” clearance of 
urea in a number of instances exceeded the creatinine clearance. 

The application of “standard” clearances to pathologic or disturbed renal 
function is open to another objection, first pointed out by Rehberg (103). If 
urea clearances vary directly as the functioning renal mass it may be supposed 
that the augmentation limit will also vary more or less proportionately. In 
more physiological terms, if the clearance varies with concentration, at a given 
concentration it must depend upon the mass of functioning tissue. No allow- 
ance is or can be made for this variability in the standard clearance formula. 
At low volumes of urine, therefore, with high concentrations of urea, this for- 
mula must overestimate the function of the impaired kidney. 

Not only do clearances of urea fall as the volume of urine diminishes; they 
also rise as it increases (168). The reductions in extreme oliguria are due 
chiefly to excessive reabsorption, although filtration may also diminish if the 
subject is dehydrated. In extreme polyuria increased excretion of u rea appears 
to be referable chiefly to augmented filtration (109, 168, 169, 170). The curves 
relating clearances to urine volume appear not to be discontinuous; but over 
the large intermediate zone of moderate diuresis the effect of urine volume is 
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small in proportion to that of other accidental variants. Over this inter- 
mediate range the clearance of urea bears such a constant relation to that of 
creatinine (20, 103) and of purely filtrablc substances such as inulin (37, 168) 
that in normal subjects it becomes an approximate measure of glomerular 
filtration. 

The variability of urea clearances. Even maximum clearances estimated 
from the endogenous blood urea of normal men are extremely variable. Nu- 
merous observers claim that more constant and reproducible values can be 
obtained after the administration of a large enough dose of urea to raise the 
plasma urea distinctly above normal. This principle, first employed by Addis 
(6), has been endorsed by Fowweather (69), Cope (43) and others. Fow- 
wcather and Cope measure the clearance in the second hour after an oral dose 
of 15 grams of urea. Clearances are independent of the concentration of urea 
in plasma, except as this may vary the urine volume (2, 13). It has already 
been mentioned that urea clearances vary with the mass of functioning renal 
tissue (122, 123) It follows that they must vary with the size of the subject 
(122, 161). For accurate comparison, therefore, clearances should be cor- 
rected for the weight, or preferably the surface area of an individual (161). 

The diuretic effect of urea depends upon its properly of limiting the reabsoip- 
tion of water. Because of the incidence of adventitious variables it is or- 
dinarily evident only when water available for the formation of urine is scanty 
or when a great excess of urea requires excretion. If only the quantity of urea 
requiring excretion is varied, as it was in the experiments of Gamble, McKhann 
et al (75, 76), water intake and urine volume both vary directly and con- 
tinuously with the amount of urea in the urine. Since urea is the chief end- 
product of the metabolism of protein, whether endogenous or exogenous, the 
urine volume also tends to vary with the protein catabolism— under ordinary 
circumstances with the dietary protein (195). Left to its own devices an ani- 
mal will take enough water and excrete enough urine to eliminate the required 
amount of urea in less than maximal concentration. If the water available is 
limited or if the animal is compelled to draw upon its own water stores, less 
and less water is yielded for each increment of urea up to the limiting concen- 
tration. As this is approached an appreciably larger proportion of urea is 
absorbed, the urea clearance falls, and consequently the concentration of urea 
in the blood must rise. Since urea does not compete with other urinary solutes 
for water, the volume of urine does not fall in proportion to the urea excretion 
when the latter diminishes below a certain rate, because the claims of other 
solutes upon water persist. This explains the inability to obtain urine of maxi- 
mal concentration from subjects receiving low protein diets (139). 

The urea clearance as a clinical test of renal function. If interpreted with due 
consideration of the factors which influence it, the urea clearance is the most 
elegant method of analyzing the ability of the kidney to eliminate this nitrog- 
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enous waste product. Since this is one of the most important renal functions, 
the urea clearance has been of great clinical utility. It requires, however, 
most meticulous attention to technical details. The rate of urine excretion 
must be precisely determined. The clearance test is, therefore, inapplicable 
to the subject who cannot empty his bladder completely, unless recourse is had 
to catheterization, not always an innocent procedure. For this and other 
reasons certain simplifications have been proposed. In the measurement of 
clearances urine is usually collected over a short period in which it can be 
presumed that the plasma urea, taken in the middle of the period, will be rela- 
tively constant. Sometimes, as after administration of urea, the plasma is 
taken at the beginning and end of the period, the mean concentration of urea 
during the period being estimated. This is only justifiable if there can be 
certainty that the direction of variation of the plasma urea has not changed 
during the period. Landis, Elsom, Bott and Shiels (115) proposed the estima- 
tion of urea clearances from the urea excreted in the 24-hour urine and the 
concentration of plasma urea obtained by averaging the values found before 
breakfast and after the evening meal. It is doubtful whether this simplifies 
the procedure appreciably, considering the difficulties of obtaining complete 
24-hour specimens of urine. It may also be suspected that the average of the 
two samples of plasma prescribed will not yield a mean value for plasma urea 
in subjects with severe renal impairment, rapidly changing nitrogen metabolism 
or serious disorders of hydration. The agreement between conventional and 
24-hour clearances in the study of Landis et al was, however, generally good. 

Urea concentration tests. As early as 1904, comparison of the concentrations 
of urea in blood and urine was proposed by Grehant (89). The concentration 

ratio as Grehant used it, varies enormously with urine volume. Harrison 
B 

(91) later proposed that the ratio be employed with restriction of fluid to re- 
duce the urine volume to 150 cc. per hour or less. Under these conditions the 
test is a sensitive measure of renal function in a large proportion of subjects. 
It has, however, the weaknesses inherent in all concentration tests. Mere 
reduction of urine volume does not assure high concentration. There must 
also be certainty that there is a sufficient amount of urea requiring excretion. 

For this reason and in the interest of simplicity McLean and de Wesselow 
(127, 128) proposed determining the concentration of urea in the urine alone 
under carefully prescribed conditions. If the concentration rose above 2 per 
cent in two hours after the administration of 15 grams of urea in 100 cc. of 
water, the kidneys could be considered fairly efficient. If the volume of urine 
excreted in the second hour exceeded 150 cc. the test was discarded. Errors 
due to dilute urines were thus excluded. The procedure was admirably adapted 
to its primary purpose, the rapid examination of large numbers of soldiers. 
It is, however, possible for a patient with striking reduction of renal function 
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to excrete a urine with normal or only slightly lowered concentration if the 
blood urea is elevated (188). The interpretation of urine urea concentration 
tests is, therefore, uncertain unless the blood urea and the urine volume are 
also known. 

PHYSIOLOGICAL VARIATIONS OF tJREA IN BLOOD AND URINE. THE UREA OF THE 
BLOOD 

Concentration. Figure 50, from a compilation by MacKay and MacKay 
(125), shows the concentration of urea in the blood of normal human subjects 
in the post absorptive state. The maximum range of blood urea is from 10 to 
50 mg. per 100 cc., corresponding to 5 to 23 mg. of urea nitrogen. The great 
majority of values fall between 18 and 38 mg. per cent of urea, or 8 and 18 mg. 
per cent of urea nitrogen. The great variability reflects chiefly differences 
in dietary protein. In a group of men fed diets containing 1.1 grams of protein 
per kilo of body weight per day, MacKay and MacKay found a narrower range 
of variation: from 20 to 35 mg. per cent of urea, or from 9 to 17 mg. of urea 
nitrogen. It can be estimated from the data of MacKay and MacKay (125) 
and of Priestly and Hindmarsh (159) that in normal subjects the ratio, grams 
of nitrogen metabolized per day: mg. of urea nitrogen per 100 cc. of blood 
averages approximately 1 : 1. 

Distribution oj urea in blood. Since urea diffuses freely through all the water 
of the body its concentration per unit of water is the same in both plasma and 
blood cells. This means that its concentration in normal plasma is about 
1 0/0.8 of its concentration in blood cells, varying somewhat with the propor- 
tions of cells in the blood (see table 24 in chapter on Net Protein Metabolism). 
Because of this variability' plasma or serum is to be preferred to whole blood 
for analysis. This is especially true in the measurement of urea clearances. 

There is a higher concentration of urea in the blood coming from the liver 
and a lower concentration in the venous blood leaving the kidneys than there 
is in the systemic blood. Svensgaard (179) reported that the urea of blood 
drawn by skin puncture from the ear was, on the average, 10 per cent higher 
than that of blood drawn from the arm vein of the same subject. This has 
not been verified by other observers (108). Urea appears to be evenly dis- 
tributed throughout the systemic blood and is not removed by tissues other 
than the kidneys except in so far as it diffuses into them when its concentration 
in the arterial blood is suddenly elevated. 

The urea clearance of normal individuals. The average “maximum” (urine 
volume over 2 cc. per minute) clearance of urea, estimated from the concen- 
tration of urea in whole blood by Mbller, McIntosh and Van Slyke (141) from 
a large body of data on normal adult subjects, is 75 cc. per minute with extreme 
variations of 64 to 99 cc. per minute. The average “standard” clearance 
(calculated when the urine volume w'as less than 2 cc. per minute as the rate of 
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excretion that would prevail if the volume of urine were 1 cc. per minute) is 
54 cc. per minute with extremes of 41 to 65 cc. 

Since the clearance method has been extended to other substances than urea 
for analysis of various physiological functions of the kidney, it has become 
general practice to use plasma instead of whole blood for analysis. Hayman, 
Halsted and Seyler (94) in 56 observations on 25 normal individuals with urine 
volumes greater than 2 cc. per minute, found urea clearances averaging 74.7 cc. 
per minute with extremes of 38 to 112 cc. per minute, and a standard deviation 
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Fig. 50. From MacKay and MacKay (125). The range of blood urea concentration in 
normal adults. The extreme range from 10 to 48 mg. per cent of urea corresponds to a range 
of 4 7 to 23 mg. per cent of urea nitrogen. 


from the mean of ±17-6 cc. For 39 other observations of 26 normal persons 
with urine volumes less than 2 cc. per minute suitable data are not available 
because the “standard” clearance only is given. This averaged 51 cc. per 
minute with extremes of 30 to 67 cc. This illustrates the extreme variability 
of casual clearance measurements. When repeated observations were made 
on the same individual the variability was just as great. There was no evident 
tendency for one pexson to have a consistently high clearance while another’s 
was consistently low. Smith, Goldring and Chasis (174) determined clear- 
ances repeatedly on 10 normal individuals, averaging the clearances on each 
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to excrete a urine with normal or only slightly low eretl concentration if the 
blood urea is elevated (188). The interpretation of urine urea concentration 
tests is, therefore, uncertain unless the blood urea and the urine volume are 
also known. 

PHYSIOLOGICAL VARIATIONS OF UREA IN BLOOD AND URINE. Tilt: UREA OF THE 
BLOOD 

Concentration, figure 50, from a compilation by RlacKay and MacKay 
(125), shows the concentration of urea in the blood of normal human subjects 
in the post absorptive state. The maximum range of blood urea is from 10 to 
50 mg. per 100 cc., corresponding to 5 to 23 mg. of urea nitrogen. The great 
majority of values fall between t8 and 38 mg. per cent of urea, or 8 and 18 mg. 
per cent of urea nitrogen. The great variability reflects chiefly differences 
in dietary protein. In a group of men fed diets containing 1.1 grams of protein 
per kilo of body weight per day, MacKay and MacKay found a narrower range 
of variation: from 20 to 35 mg. per cent of urea, or from 9 to 17 mg. of urea 
nitrogen. It can be estimated from the data of MacKay and MacKay (125) 
and of Priestly and Hindmarsh (159) that in normal subjects the ratio, grams 
of nitrogen metabolized per day: mg. of urea nitrogen per 100 cc. of blood 
averages approximately 1:1. 

Distribution of urea in blood. Since urea diffuses freely through ail the water 
of the body its concentration per unit of water is the same in both plasma and 
blood cells. This means that its concentration in normal plasma is about 
1 0/0.8 of its concentration in blood cells, varying somewhat with the propor- 
tions of cells in the blood (see table 24 in chapter on Net Protein Metabolism). 
Because of this variability plasma or serum is to be preferred to whole blood 
for analysis This is especially true in the measurement of urea clearances. 

There U a higher concentration of urea in the blood coming from the liver 
and a lower concentration in the venous blood leaving the kidneys than there 
is in the systemic blood. Svcnsgaard (179) reported that the urea of blood 
drawn by skin puncture from the ear was, on the average, 10 per cent higher 
than that of blood drawn from the arm vein of the same subject. This has 
not been verified by other observers (108). Urea appears to be evenly dis- 
tributed throughout the systemic blood and is not removed by tissues other 
than the kidney s except in so far as it diffuses into them when its concentration 
in the arterial blood is suddenly elevated. 

The urea clearance of normal individuals. The average "maximum” (urine 
volume over 2 cc. per minute) clearance of urea, estimated from the concen- 
tration of urea in whole blood by Moller, McIntosh and Van Slyke (141) from 
a large body’ of data on normal adult subjects, is 75 cc. per minute with extreme 
variations of 64 to 99 cc. per minute. The average "standard” clearance 
(calculated when the urine volume was less than 2 cc. per minute as the rate of 
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54 cc. per minute with extremes of 41 to 65 cc. 

Since the clearance method has been extended to other substances than urea 
for analysis of various physiological functions of the kidney, it has become 
general practice to use plasma instead of whole blood for analysis. Hayman, 
Halsted and Seyler (94) in 56 observations on 25 normal individuals with urine 
volumes greater than 2 cc. per minute, found urea clearances averaging 74.7 cc. 
per minute with extremes of 38 to 112 cc. per minute, and a standard deviation 
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Fig. SO. From MacKay and MacKay (125). The range of blood urea concentration in 
normal adults. The extreme range from 10 to 48 mg. per cent of urea corresponds to a range 
of 4.7 to 23 mg. per cent of urea nitrogen. 


from the mean of ±17.6 cc. For 39 other observations of 26 normal persons 
with urine volumes less than 2 cc. per minute suitable data are not available 
because the “standard” clearance only is given. This averaged 51 cc. per 
minute with extremes of 30 to 67 cc. This illustrates the extreme variability 
of casual clearance measurements. When repeated observations were made 
on the same individual the variability was just as great. There was no evident 
tendency for one person to have a consistently high clearance while another’s 
was consistently low. Smith, Goldring and Chasis (174) determined clear- 
ances repeatedly on 10 normal individuals, averaging the clearances on each 




S50 


PROTEIN METABOLISM 


of blood and urine have already been mentioned above and have been discussed 
at length in the chapter on Net Protein Metabolism. 

In addition it has been demonstrated that in both men (44, 81) and dogs 
(110, 171, 186) clearances of urea are depressed by low protein diets. The 
clearances of creatinine (110, 171) and of substances that measure glomerular 
filtration (171) are concomitantly reduced. It has been shown by Van Slyhe 
and associates (186) that the blood flow through the kidneys is also diminished. 
Herrin, Rabin and Feinstein (99) claim that the administration of high protein 
diets or of amino acids increases urea clearances. If high protein diets have 
such an effect it is not as consistently reproducible as is the depressing effect 
of low protein diets (44, 83, 110). 

According to Holman (101) fasting raises the blood urea and lowers the urea 
clearance. 

The influences of fluid intake and urine volume on urea clearances have 
already been discussed To mere dietary' variations of salt these clearances 


TABLE 34 

The Urea Clear s op Treu wore and r cll Term Infants, from Gordon, Harrison 

and McNasmra (84a) 



ace 
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Minimum 

Minimum 

Avenge 

21 

Premature, less than 30 da>s old 

21.3 

8.5 

13.7 

14 

Premature, more than 30 da>s old 

24.1 

11 5 

17.6 


Tull term, less than 30 da>s old 

22.0 

13.8 

17.3 


Full terra, mine than 30 days old 

31 3 

16 7 

24.6 


in normal individuals appear to be insensitive (44). Depletion of the sodium 
stores of the body by vomiting, sweating, etc , on the other hand, distinctly 
lowers clearances of urea, and if sufficiently severe, causes the blood urea to rise 
(132, 133, 193) This is probably only a manifestation of the circulatory col- 
lapse which results from sodium depletion (see chapter on Water Metabolism, 
VoL II). 

Posture and exercise Changes of posture and moderate exercise have no 
appreciable effect on the urea clearances of Donna) subjects (184). In the 
extreme oliguria of strenuous exercise they fall (32, 147) 

Pregnancy. The decrease of protein metabolism and the fall of blood non- 
protein nitrogen in the latter months of pregnancy (see chapter on Net Protein 
Metabolism) involve chiefly urea. Cadden and Faris (32) found that the blood 
urea nitrogen during the first 6 months of pregnancy fell from an average of 
14 mg. per cent to 6 mg. per cent, rising to 7 mg. at term. The statistical 
significance of this terminal rise is uncertain. 
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The decrease of blood urea is frequently greater than might be expected from 
the moderate reduction of nitrogen metabolism, Hurwitz and Ohler (305), 
Nice (146) and others have reported that the extremely low blood urea values 
sometimes observed are associated with unusually high clearances, from 120 
to 200 per cent of the average normal. In general the clearances reported by 
these observers are higher than those commonly observed in nonpregnant 
women. On this point, however, there is not general agreement. Cantarow 
and Ricchiuti (33) and Eldcn and Cooney (57) report somewhat low clearances 
in the latter par t of pregnancy. In all series clearances are highly variable. 
In rats Parsons (150) was unable to distinguish any significant change in blood 
urea in the course of pregnancy. 

THE EFFECTS OF ENDOCRINE PRODUCTS AND DISORDF.KS OR DISEASES OF THE 
ENDOCRINE GLANDS 

The only endocrine products that regularly affect blood urea and urea excre- 
tion are those of the posterior lobe of the pituitary and adrenal glands. All of 
these act chiefly through their influences upon the excretion of water and salt 
or upon the circulation. 

Posterior lobe of the hypophysis. There is a perceptible change in the excre- 
tion of urea when diabetes insipidus is suddenly checked by pituitrin, an in- 
dication that the polyuria of this disease is associated with some increase of urea 
clearance (107, 156, 157, 169). The blood urea also tends to be low in diabetes 
insipidus. The effect of this polyuria on urea excretion is, however, relatively 
slight, because it involves only inhibition of the terminal reabsorption of water. 
As in other conditions in which the urine volume becomes extremely large, 
the ratio of the urea clearance to the rate of glomerular filtration is greater than 
usual, less than the ordinary proportion of urea is reabsorbed (169). The urine 
volume in diabetes insipidus varies w ith the protein metabolism. The kidneys 
seem to be quite as unable to concentrate urea as they are to concentrate salt 
in this condition (198). 

When injected into normal animals or men, pituitrin causes a transitory' drop 
of both urea (4, 21, 156) and creatinine (21, 156) clearances. In large part this 
may be due not to the antidiuretic principle, but to the pressor activity of the 
preparation. (For a further discussion of the subject consult the chapter on 
Water Metabolism, Yol. II.) 

The anterior lobe of the hypophysis. The effect of hypopbyscctomy and of 
anterior lobe extracts on protein metabolism has been discussed in the chapter 
on Net Nitrogen Metabolism. Fraenkel-Conrat, Simpson and Evans (70) have 
reported that hypophysectomy reduces the arginase-activity' in the livers of 
rats, but that this can be restored by extracts with adrenocorticotropic ac- 
tivity. 

Adrenalin. Small doses of adrenalin produce diuresis, while larger doses 
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cause oliguria. These changes depend on circulator}' reactions in the kidney 
which alter the rate of glomerular filtration and, ipso facto, clearances of 
urea (4). 

Adrenal cortex. The influence of the adrenal cortex upon nitrogen me- 
tabolism has been discussed at length in the chapter on Net Protein Metabo- 
lism. Extracts of the adrenal cortex appear to have no specific effect upon the 
urea of the blood or urine of normal animals. In untreated adrcnalectomized 
animals (93, 180) and patients with Addison’s disease (88, 92, 163) the blood 
urea rises when signs of suprarenal insufficiency become severe. The blood 
urea may also be elevated and urea clearances reduced in patients with ad- 
vanced stages of the basophilic or the adrenocortical syndrome. Since both 
hyper- and hypoactivity of the adrenal cortex have similar effects, these dis- 
turbances of urea excretion cannot be referable to direct action of the adrenal 
cortical hormone upon the kidney. The retention of urea in the crises of supra- 
renal cortical insufficiency are expressions of general failure of renal function 
referable to circulator}' collapse. The retention in the adrenocortical and 
basophilic syndromes is a result of arteriolar degeneration that arises from these 
disorders. 

Fraenkel-Conrat, Simpson and Evans (71) have reported that adrenalec- 
tomy, like hypophysectomy, decreases the arginase-activity in the livers of 
rats, while adrenocortical steroids increase this activity in the livers of normal, 
hypophysectomized and adrenalectomized rats. 

Insulin diminishes the concentration of amino acids in the blood, presumably 
by diminishing their production, since it does not alter the concentration of 
urea (158). In isolated liver slices Stadie, Lukens and Zapp (175) found that 
it inhibited the deamination of d-araino acids. 

Drugs other than those which affect the circulation do not alter the excretion 
of urea appreciably. Diuretic drugs have no effect on the excretion of urea 
unless they aid in rectifying a preexisting disorder, presumably because they 
act chiefly by checking the tubular reabsorption of water and salt (149). 

PERIPHERAL CIRCULATORY FAILURE (SHOCK) 

In states of peripheral circulatory failure or “shock” the blood urea rises. 
The factor common to all these conditions is reduction of the renal blood flow 
wad gtoKKttiiu Miration (11, 46, 47, 466, 147}. In iVit most profound shock 
there may be complete anuria Frequently the accumulation of urea in the 
blood is exaggerated by increase of the general nitrogen metabolism or local 
destruction of tissue (80). 

Certain of these states deserve especial consideration because other features 
than the circulatory disorder contribute to the accumulation ol urea in the 
body. Dehydration from deficient provision or excessive loss of water exagger- 
ates the reduction of blood volume that regularly attends shock and tends 
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further to inhibit urine excretion (137, 166). If the dehydration is attended 
by salt depletion, the circulatory depression js aggravated (see above). The 
high blood nonprotein nitrogen encountered in patients and animals with ob- 
struction of the gastrointestinal tract can be attributed to the combined effects 
of dehydration and salt depletion, with some increase of nitrogen metabolism 
(42, 90, 136). Clausen (40) has reported a series of examinations in which the 
act of vomiting itself appeared to diminish the clearance of urea without notice- 
ably affecting the clearance of creatinine. 

In a study of patients subjected to surgical operations, Brorts (29) noted 
that the blood urea usually rose after operation, the degree of the rise depending 
upon the seriousness of the operation. In only a few instances did it exceed 
70 mg. per cent (33 mg. per cent of urea nitrogen). The peak was most fre- 
quently reached on the first or second post-operative day. The highest con- 
centration of urea in the urine and the maximum excretion of urea were not 
attained until the second day, alter which they remained elevated lor 3 or more 
days, while the blood urea diminished. Although increased production of urea, 
therefore, may have contributed to its accumulation in the blood, it was not 
the sole responsible factor. This appeared to be dehydration from inadequate 
fluid intake, vomiting, etc., frequently associated with salt depletion. Pro- 
vision of sufficient parenteral fluid and salt mitigated the rises of blood urea. 
There was usually a transitoiy reduction of the urea clearance immediately 
after operation which appeared to be related to the oliguria encountered at this 
•time. 

The increases of blood urea and the low clearances that follow acute losses 
of blood by hemorrhage are examples of the effects of circulatory collapse (46, 
117). Profound chronic anemia may also be attended by some impairment of 
renal function that can be detected by the urea clearance (68). Much has been 
written about the azotemia that follows severe gastrointestinal hemorrhage, 
in contradistinction to external hemorrhage. The subject has been well 
analyzed and reviewed by Borst (26). Shock, together with dehydration and 
salt depletion cause the urea clearances to fall. At the same time nitrogen 
excretion increases. This Borst attributes to the digestion and absorption of 
blood from the alimentary canal, although it may be only evidence of acceler- 
ated protein catabolism. 

Great interest has been aroused in this war by the azotemia which follows 
severe crushing injuries. In these conditions, the blood nonprotein nitrogen 
may be found elevated some days after the injury when the initial circulatory 
failure appears to have been overcome. At this time the urine, which may be 
adequate in volume, is quite dilute, the excretion of urea greatly impaired (30). 
It was at first believed that the impairment of renal function in this condition 
as in hemolytic transfusion reactions, which it resembles (53), arose from ob- 
struction of the tubules by inspissated hemoglobin. It has been demonstrated. 
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however, that in both states there is degeneration and necrosis of the tubular 
epithelium (14, 31). In crush injuries Bywaters (30) attributes this to the 
action of myoglobin released into the blood stream. Similar phenomena arc 
encountered in black water fever (78, 190). 

Acute infections. In the acute stages of lobar pneumonia (63, 82) rheumatic 
fever (81) and scarlet fever (87) urea clearances are usually above normal, 
whereas they may be somewhat depressed during convalescence from these 
diseases (81, 82). Whether this is true of acute febrile infections in general 
has not been ascertained, nor is the reason for the phenomenon known. It is 
not referable to hyperpyrexia per sc, since Tarr and Moeri (64) found that urea 
clearances usually fell during artificially induced fever. In spite of the ele\ ated 
clearances, blood urea may rise in acute infectious diseases, es{>ccia(ty pneu- 
monia, if sufficient fluids are not given to produce a generous amount of urine, 
because the kidneys are required to excrete such large quantities of urea owing 
to the accelerated protein catabolism. 

Heart disease (177). In uncomplicated compensated heart disease renal 
function, as estimated by blood urea, urea clearance and other tests, is usually 
normal. Slight evidences of impairment found in the elderly group with 
arteriosclerotic heart disease arc probably referable to otherwise undetectable 
arterial lesions in the kidneys. Congestive failure is always attended by some 
evidences of functional impairment of the kidneys. The urea clearances and 
blood urea are less affected than the concentration tests and phenolsulfone- 
phthalem excretion But in severe failure the urea clearance docs fall and blood- 
urea rises In part oliguria may be rcsfmnsiblc for these changes. Chiefly 
the reductions of clearances arise from the circulatory disturbances in the 
kidney which can be produced experimentally by raising the venous pressure 
in the renal vein (sec chapter on Water Metabolism, Vol II). 

Liter diseases. It has already been pointed out that blood urea may fall 
while amino acids nsc in the premortal stages of certain diseases of the liver 
in which the parenchyma of the organ has been almost entirely destrojed. 
Holman (101) claims that in such stales urea clearances are usually elevated. 
In a certain proportion of patients with advanced degeneration or destruction 
of the fiver, such as cirrhosis and hepatitis, long before the formation of urea 
has been affected, low blood nonprotein nitrogen and urea nitrogen are fre- 
quently encountered (155) The explanation of this phenomenon has not jet 
been discovered. On the other hand the literature abounds in reports of nitro- 
gen retention in diseases of the liver and bile passages. Hie frequency of such 
azotemia has given rise to the term hepatorenal syndrome for conditions in 
which renal insufficiency is encountered in hepatic diseases or disorders. Sup- 
port for such a concept is found in the regular association of renal and hepatic 
lesions in animals with dietary fatty livers (see chapter on Lipids). A similar 
association may be demonstrated in the clinical counterparts of these degener- 
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ative conditions when the subject is explored. It does not, however, yet pro- 
vide an adequate uniform explanation for all the instances of impaired renal 
function and nitrogen retention encountered in liver disease in the clinic. In 
certain types of acute infectious hepatitis, of which Weil’s disease is an ex- 
ample, albuminuria, hematuria and renal lesions are quite consistently seen. 
These can account for the urea retention which has been reported in these 
diseases (78). Reductions of urea clearances in obstructive jaundice (59) may 
arise from complicating renal or vascular disease or from associated disturb- 
ances, such as dehydration and increased protein catabolism. Azotemia after 
operations on the bile ducts may be only a sign of the serious nature of such 
operations. 


DISEASES OF THE KIDNEYS 

It is in the analysis of the function of the kidneys that measurements of blood 
urea and urea clearances have their greatest value in the clinic. Disturbances 
of function cannot, however, be interpreted in absolute terms of quantities of 
sound kidney tissue without due consideration of the conditions under which 
the kidneys are working. 

The significance of the urea nitrogen in the blood as a criterion of renal function 
has been discussed in detail in the chapter on Net Protein Metabolism. What 
was said of blood nonprolein nitrogen in that chapter holds for urea nitrogen, 
the major and most variable fraction of the nonprotein nitrogen. Although 
creatinine, uric acid and other nitrogenous compounds become elevated in 
advanced renal insufficiency, their combined concentrations never make up a 
large proportion of the nonprotein nitrogen. As the latter rises, moreover, 
the proportion of urea in it regularly increases. The blood urea may remain 
normal, or even low, long after the quantity of functioning kidney tissue has 
been greatly reduced and the clearance of urea has fallen to only 20 to 40 per 
cent of normal (124, 142). This is illustrated in figure 51, from Van Slyke, 
McIntosh, MUller, Hannon and Johnston (185). Ordinarily urea is excreted 
by the normal individual in relatively high concentration. Throughout a large 
part oi i-be day the volume oS urine is so smaii in proportion to the urea elimi- 
nated that urea clearances do not reach a maximum. Renal insufficiency ushers 
in polyuria, which facilitates the elimination of urea by maintaining a con- 
tinuous generous volume of urine with maximum clearances. This obligator)' 
polyuria (as measured by concentration tests) may precede gross reduction 
of the urea clearance (185). In the earlier stages of renal insufficiency, there- 
fore, the blood urea is not infrequently subnormal. 

It is also quite possible to find the blood urea elevated while the urea clear- 
ance is normal or only slightly reduced. The concentration of urea in the blood 
depends upon the rate of protein catabolism as well as the functional capacity 
of the kidneys. The excretion of urea also varies with protein catabolism inas- 
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much as this determines the concentration of urea in the blood; but the clear- 
ance of urea is almost independent of the blood urea. It is by increasing the 
blood urea that an animal is able to augment the elimination of this substance 
when its production is accelerated. If urea itself is given to a normal animal 
its concentration in the blood and its elimination increase pari passu. While 
the accumulation of urea in the blood in renal insufficiency is evidence that the 



rie. 51. Trom Van Sl>ke, McIntosh, M6Iler, Hannon and Johnston (185). Relationship 
of blood urea nitrogen concentration to blood urea clearance in nephritic patients The 
points enclosed in the rectangle represent observations in which the blood urea was within 
normal limits, although the urea clearance was below the normal minimum. 

kidneys are not properly performing their functions, it is also a provision to 
aid them in discharging their duties In infectious diseases and other diseases 
or disorders in which the catabolism of protein is greatly accelerated, elevated 
blood urea is not necessarily a sign of renal insufficiency and may be associated 
with a normal clearance. Even moderate depression of the clearance may 
denote only dehydration cr temporary circulatory embarrassment, not actual 
reduction of renal substance 
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If the kidneys are injured all the features which influence blood urea and urea 
clearances of normal subjects are doubly effective. Among these are the rate 
of protein catabolism, the volume of urine and the state of the circulation. It 
has been shown by Keutmann and McCann (113) and by Farr (62) that the 
urea clearance varies with dietary protein in nephritis and nephrosis as it does 
in normal subjects. Assuming the erect posture and mild exercise like walk- 
ing, though without influence upon urea clearances of normal subjects, defi- 
nitely depress the clearances of nephritic patients with urea clearances below 
50 per cent of normal (184). 

In interpreting blood urea and urea clearances, therefore, it is necessary to 
assess with great care all features of the clinical picture that may influence the 
production or excretion of urea. A large proportion of patients with renal 
disease seek medical aid not because of chronic or progressive insufficiency of 
the kidneys, but because some complicating condition, such as an infection or 
heart failure, has precipitated acute renal failure or has aggravated an existing 
renal decompensation. The immediate prognosis, in this case, may depend 
less on the underlying insufficiency of the kidneys than upon the recognition 
and proper treatment of the complication. 

The clinical value of the urea clearance. Because it has been more widely 
applied in the clinic than any other similar test, the urea clearance can be better 
interpreted. From a theoretical point of view other clearances w hich measure 
more precisely specific functions of the kidney might be preferred. Under most 
instances the urea clearance parallels glomerular filtration (37, 60) and clear- 
ances of creatinine (19, 20, 43, 45, 94, 104, 196, 197) quite closely in disease as it 
does in health. When the concentration ratio rises greatly because the volume 
of urine is small, however, the urea clearance is low, and when the volume of 
urine becomes extremely large, it is high relative to both the creatinine clear- 
ance and the rate of glomerular filtration (20, 43, 103). Attempts to correct 
these effects of urine volume ha\e not been altogether successful, even with 
normal kidneys; there is reason to believe that they are less reliable when kid- 
ney function is impaired (43, 103, 197). Efforts should, therefore, be made to 
secure generous, hut net excessive, rates cl urine Bon- during the measurements. 
Even when the urine volume is optimal the urea clearance may depart from 
its usual relation to other clearances in renal disease (197). These divergences 
may prove to be of sufficient significance to warrant the simultaneous measure- 
ment of a group of clearances in the clinic, a procedure that has proved highly 
profitable in the detailed analysis of the nature of physiological and patho- 
logical disturbances of renal function. In one practical respect the urea clear- 
ance has a peculiar importance; it measures the capacity of the kidney to 
eliminate the chief excretory product of metabolism. 

The greatest potential source of error in the measurement of all clearances is 
imperfect collection of the urine. This makes them inapplicable without 
catheterization to subjects who are unable to empty their bladders completely* 
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The urea clearance as a measure of functioning kidney tissue. In normal 
individuals and animals the urea clearance varies directly with bodily size 
which, in turn, is presumably related to the mass of the kidneys. The cor- 
relation between these functions is more apparent in statistical treatment than 
it is in individuals because of the great variability of the clearances of normals 
to which attention has already been directed. In patients with advanced 
renal insufficiency a direct relation has been demonstrated between the urea 
clearance and the number of intact glomeruli or the mass of normally function- 
ing kidney substance (95, 124). In the studies of Hayman et al (95) this 
relation appears not to be linear, but exponential. There is a suggestion in 
their figures that this appearance expresses no actual complex relation, but 
arises only from the fact that when the estimated number of glomeruli exceeds 
a certain figure (in their terms about 800,000) the urea clearance varies widely 
without a proportional change in the number of glomeruli. Below this the 
scattering is far smaller and the relation between glomeruli and clearances 
could be described by a straight line. These discrepancies when kidneys are 
reasonably well preserved must arise in part from the variability of normal 
activity coupled with the compensatory reactions that have been discussed 
above. In a series of patients without gross anatomical lesions of the kidneys, 
but with pneumonia and other infectious diseases great variability of clearances 
was also encountered, sometimes considerable reductions. Similar disturb- 
ances may contribute to the variability of clearances in frank renal disease. 
Hypertrophy of residual kidney tissue must also obscure the relation of clear- 
ances to the number of glomeruli. Immediately after the removal of one kidney 
the blood urea may rise and the urea clearance fall from the combined effects 
of the operative procedure and the loss of functioning renal substance. When 
recovery is complete, howc\er, it is impossible to demonstrate any deficiency 
of kidney function by available techniques; not only the urea clearance, but 
also other clearances lie within normal limits (58, 111, 112). Rhoads, Alving, 
Hiller and Van Slyke (162) reported that the urea clearance after unilateral 
nephrectomy in dogs fell to 64 per cent of its original value; but the opposite 
kidney of these animals had been explanted and sufficient time may not have 
been given for complete recovery. If the remaining kidney is sound it will 
have increased about 70 per cent in weight when compensatory hypertrophy Is 
complete. The actual deficiency of renal mass at this time is only 15 per cent, 
whether or not the additional substance is as effective in proportion to its 
weight as the original organ. Sensitive as it may be in comparison to cither 
procedures in general use, therefore, the urea clearance will not detect such a 
defect amounting to 50 per cent of the total renal mass because nature has been 
so liberal in its provisions and compensatory mechanisms are so perfect. Allen, 
Bollman and Mann (9) found that the blood urea did not rise until more than 
three-fourths of the kidney substance of dogs had been removed. When kid- 
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ney substance becomes greatly reduced both urine flow and clearances become 
far more constant (185, 197). The kidneys appear to be under continuous 
pressure to exert a maximal excretory effort. 

Chasis and Smith (37) found that in glomerulonephritis, regardless of the 

severity of the renal injury, at any given concentration ratio ~ of inulin (i.e., 

at any given degree of concentration of glomerular filtrate) the reabsorption of 
urea proceeds just as it does in the normal kidney. As the capacity to reabsorb 
water (i.e., the concentrating powers of the kidneys) decreases, however, the 
fraction of urea reabsorbed also decreases, so that the urea clearance tends to 
approach the rate of glomerular filtration. This has the effect of mitigating 
the accumulation of urea in the blood. It also contributes to the insensitivity 
of the urea clearance to moderate grades of renal insufficiency’. 

BLOOD UREA AND UREA CLEARANCES IN GLOMERULONEPHRITIS 

The most exhaustive study of the urea clearance in Bright’s disease has been 
made by Van Slyke and his associates (185, 187) from whose work the following 
section is largely taken. 

Acute stage. In 19 of 23 cases observed by Van Slyke et al in the acute 
stage of nephritis the urea clearance fell during the first 2 months of the disease 
to 50 per cent or less of normal; in one instance it dropped to less than 5 per cent. 
In a large proportion of those with depressed clearances the blood urea was 
elevated. The height of the blood urea, however, is not directly' related to the 
degree of reduction of the clearance, because it depends so much upon the rate 
of nitrogen catabolism and the volume of urine. Four of the 23 cases main- 
tained normal clearances throughout the acute stage of the disease. 

Although the clearance is a good criterion of the excretory’ capacity of the 
kidneys at a given moment, during the acute phase it has little prognostic 
significance. In Van Slyke’s series, 2 of those with normal clearances in the 
first months progressed to a fatal termination, while some of those with low 
clearances recovered completely. Van Slyke concluded that it was essential 
for a good prognosis only that the clearance, if it fell during the first weeks, 
must begin to rise consistently within 4 months of the onset of the disease. 
In his series if the clearance did not tend to rise within this period, progress to a 
chronic or fatal ending followed. During the acute stage it is not uncommon 
to find discrepancies between clearances and between the urea clearance and 
other measures of renal function. Winkler and Parra (197) have reported 
2 cases in which creatinine clearances were normal or high in the face of urea 
clearances that were depressed. Similar discrepancies between urea and 
creatinine clearances have been observed by’ others (19, l(tt). In one instance 
the urea clearance was extremely’ low. Goldring and Smith (84) have noted 
occasionally higher phenolsulfonepbthalein clearances with low urea clearances. 
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In one of Winkler’s and Parra’s cases the urine volume was quite adequate; 
in the other it was not extremely low. The same type of phenomenon is 
probably responsible for the not infrequent association of normal phenoi- 
sulfonephthalein excretion (by the conventional technique) with elevated 
blood urea, although accelerated protein catabolism may contribute to the 
latter. In the author’s experience such a dissociation during the subsidence 
of the signs and symptoms of acute nephritis permits a better prognosis than 
does a similar elevation of blood urea with reduced phcnolsulfonephthalein 
excretion. 

The nephrotic syndrome. Whether this syndrome arises from a glomerular 
nephritis or from amyloid disease of the kidneys or without evident etiology, 
in its purest form it appears to be associated with no impairment of the ability 
to excrete nitrogen. This phase of the disease is characterized only by profuse 
albuminuria, hypoproteinemia, hyperlipemia and edema. Not only urea 
clearances, but also clearances of creatinine and sucrose may be quite normal 
(197). In children, indeed, Emerson et al (60, 61) have reported cases in 
which clearances of urea, inulin, creatinine and diodrast were all elevated. 
The blood urea is usually normal or low. During the acute febrile crises with 
abdominal pain that often punctuate the disorder, temporary azotemia with 
drops of the urea clearance can be attributed to the vomiting, circulatory dis- 
orders and accelerated protein catabolism. Recrudescences of the acute 
nephritis may have a similar effect. In themselves these transient azotemias 
have no evil prognostic significance, so long as they are sclf-terminati\e, al- 
though the episodes which cause them may have unfortunate or even fatal 
results 

The syndrome may continue as much as 2 years or longer without evidences 
of deterioration of renal function and still resolve completely (155). It may 
continue longer without reduction of the urea clearance or elevation of blood 
pressure, but in such cases there is usually, nevertheless, permanent degenera- 
tion of the kidneys. In one such patient in the scries of Van Slyke et al (187) 
who died from streptococcus septicemia after nephrosis had persisted 17 years, 
about half the glomeruli were irreparably damaged. 

Slight depressions of the urea clearance must be discounted or at least care- 
fully evaluated in relation to all the features of the disease. Especially must 
diets be given consideration. The urea clearance falls with low protein diets 
in the nephrotic patient as it does in normals (62). Anorexia is a prominent 
symptom of the condition. If, however, while the patient is eating generous 
quantities of protein and is suffering from no complication, tire urea clearance 
falls definitively and continues low, it may be inferred that the kidneys have 
been irreparably damaged and that the nephritis has advanced to the chronic 
progressive stage. 

Chronic glomerulonephritis. Tor convenience Addis has described three 
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phases of the chronic stage of nephritis: the talent, chronic acliie and terminal 
stages. 

In the latent period the patient is symptom-free, but exhibits albuminuria 
and microscopic hematuria, with usually some degree of hypertension. In this 
state, which may persist for a period of years, the urea clearance is normal or 
slightly depressed; the blood urea is usually normal. 

In the chronic active or progressive stage of the disease the urea clearance is 
almost invariably reduced and gradually diminishes as the disease progresses. 
It may, however, remain stationary at intervals in the course of its descent for 
as much as a year or longer. The blood urea may not rise until the urea clear- 
ance has fallen to 20 per cent of normal unless some complicating condition 
intervenes. 

In the terminal stage of the disease, when there is gross accumulation of urea 
in the blood, the urea clearance is usually less than 20 per cent of normal. It 
is in this stage, however, that complicating conditions assume the greatest 
importance. It is not so much the actual degree of azotemia or the absolute 
urea clearance at any moment th*. counts, as it is the persistence of these 
abnormalities in the face of the must skillful therapy. In advanced renal 
insufficiency the ability of the kidneys to conserve sodium and chloride suffers. 
Under these circumstances, Landis et al (115) have shown that restriction of 
dietary salt reduces urea clearances and tends to cause or exaggerate retention 
of urea in the blood. Administration of sufficient salt to protect the patient 
against salt depletion raises the clearances and facilitates the excretion of urea. 
If, despite the proper regulation of diet, water and salt intake and the presence 
of a competent circulation, the urea clearance remains consistently below 20 
per cent of normal the prognosis is grave. Of 18 patients in this state observed 
by Van Slyke et al only 2 lived longer than 2 years and these survived this 
limit by only a few months. 

Kirk (114) has shown that certain patients with advanced nephritis are 
unable to deaminize and to form urea from ingested glycine with normal 
facility. 

In nephrosclerosis or “essential hypertension" the blood urea and urea clear- 
ance may remain normal for years. Eventually, however, they decline as the 
kidneys become more and more involved by the disease. This decline may be 
gradual, extending over a period of years or may be extremely rapid, correspond- 
ing to the picture of malignant nephrosclerosis. 

In chronic hydronephrosis or pyelonephritis the urea clearance provides a 
useful means of measuring the degree of permanent damage which the kidneys 
have suffered. Since destruction of one kidney does not detectably impair the 
functional powers, unequivocal and consistently low e'en ranees are presumptiv e 
evidence that both kidneys have suffered. 

Toxemias of pregnancy. In the majority of patient with toxemias of preg- 
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nancy blood urea remains below the upper normal limit for non-pregnant 
women, although the average concentration in the blood in toxemic patients is 
somewhat higher than the average for normal pregnant women. Urea clear- 
ances also, for the most part, arc within normal limits (105). Azotemia may 
be encountered in patients who had antecedent renal disease, after eclamptic 
convulsions or in fulminating toxemias with extreme oliguria (33, 105). 

THE SPECIFIC TREATMFNT OF AZOTEMIA BY VARIOUS METHODS OF LAVAGE 

In experiments on animals Landsbcrg and Szcnkier (116) have demonstrated 
that large quantities of urea may be removed from the body by colonic irriga- 
tion. Auguste (12) has recommended duodenal drainage for the treatment of 
nephritic nitrogen retention Bliss (23) claims that the lives of nephrcctomized 
dogs can be prolonged by peritoneal lavage. Since urea diffuses freely into 
colonic, duodenal and peritoneal fluids it should be possible by using large 
enough quantities of appropriate fluids to lower blood urea by such procedures; 
but even if the blood area is extremely high the i oiumes required to eliminate 
the urea produced in the course of metabolism through channels which have 
not the power to concentrate urea arc inconveniently large. For example, 
with a plasma urea nitrogen of 100 mg per cent, about 8 liters of lavage fluid 
would be needed to remove 8 grams of nitrogen, the quantity derived from 50 
grams of protein, if it were possible to secure complete equilibrium with the 
circulating blood, which is unlikely. Allen (8) has suggested sweating, a pro- 
cedure which was much used earlier, but which has been largely abandoned. 

It is implied in all these therapeutic recommendations that urea retention is 
the major disorder to be combatted in renal insufficiency, whereas it may 
equally well he regarded as a protective measure to promote the excretion not 
only of nitrogen and water, but of other unknown deleterious materials. AU 
available evidence indicates that the kidneys alone have the peculiar selective 
excretory powers required for the preservation of the essential chemical pattern 
of the internal environment. 

THE USE OF UREA AS A DIURETIC 

An entirely different attitude is expressed in the use of urea as a diuretic in 
disease. The mechanism of its diuretic action has been already discussed. If 
large volumes of water are made available to normal persons even large quan- 
tities of urea, of the order of 50 or 60 grams daily, can be taken without causing 
the blood urea to remain elevated overnight with a urine volume of no more than 
2 liters (143). If, however, there is a scarcity of water or some condition, such 
as heart failure or nephrosis, that produces an oliguria, the administration of 
sufficient urea may increase the urine volume and thereby reduce the edema 
(49, 65, 126, 138, 155). To assure the effectiveness 0 f this therapy dietary salt 
should be reduced to a minimum and it may e\ en be necessary to limit the fluid 
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intake. In addition other measures conducive to diuresis, such as the adminis- 
tration of digitalis in heart failure, should not be neglected. As much as 60 
to 80 grams of urea may be given in 10 to 20 percent solution (44, 65, 138, 155). 
Moderate rises of blood urea are no contraindication, especially if they subside 
overnight. In fact it is doubtful whether the drug is ever effective unless large 
enough quantities are given to maintain, an elevated blood urea throughout a 
large proportion of the day. Renal disease is no contraindication to its use 
provided the blood urea is not considerably elevated in which case the kidney 
is already under compulsion. Urea is indeed peculiarly effective when the 
powers of the kidneys to concentrate urine are impaired. Urea may also be 
used to support the action of purine or mercurial diuretics. It is to be pre- 
ferred to acidifying salts for this purpose because it is less likely to impair 
appetite and digestion and cannot produce acidosis. 
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Chapter XI 


AMMONIA 

Ammonia in aqueous solution acts as a base with a pK of approximately 9.3. 
Consequently, at the pH of blood and urine one equivalent of ammonia neu- 
tralizes an equivalent of acid. In the blood and tissues, although it is con- 
tinuously formed, it appears in such minute concentration that its effect on 
acid-base equilibrium is negligible. In the urine where it may attain a high 
concentration, on the other hand, its alkalinity is of the greatest value. Walter 
(110), in his pioneer studies on acidosis, conducted in Naunyn’s clinic, dis- 
covered the protective action of ammonia formation. He pointed out that 
rabbits succumb to relatively small doses of acid, compared with dogs, because 
they have less ability to form ammonia. When acids accumulate in the human 
body the kidneys can form as much as 5 to 6 grams of ammonia per day, excrete 
the acids as ammonium salts, and thereby preserve the more indispensable 
inorganic bases of the body. 

THE FORMATION AND UTILIZATION OF AMMONIA 

The fate of ingested ammonia. Ammonium salts taken by mouth are rapidly 
absorbed from the alimentary canal. The concentration of ammonia in the 
general circulation, however, is not appreciably altered, because of the rapidity 
with which the ammonia is removed from the blood and utilized. Unless the 
ammonium salt of a strong acid is given, the ammonia of the urine may also 
remain unaltered (see below). Ultimately the greater part of the ammonia 
appears in the urine as urea (4, 23, 29, 34, 36, 74). This gave rise to the general 
opinion that the ammonia was taken up by the liver and immediately converted 
to urea (12, 60). Bollman and Mann (12) indeed showed that after removal 
of the liver the power to change ammonia to urea is lost. But neither in this 
condition nor in advanced liver disease (60) does a large proportion of the 
administered ammonia accumulate in the blood nor appear as such. in. the uriruu 

Evidently this substance is not merely substituted as an alternative excretory 
product for urea. Although, like all other nitrogenous compounds, it is usually 
excreted in the form of urea ; it may be utilized for other purposes. Herbivora 
can, in fact, utilize ammonium salts as substitutes for protein. When Giaja 
(39) fed 1 gram of ammonium citrate per kilo to growing pigs on a fat-carbo- 
hydrate diet, he found that the loss of endogenous nitrogen was decreased by 
35 to 40 per cent, 40 to 50 per cent of the dietary ammonia being retained. 
Lesser degrees of retention have been observed by others in rats (69, 103) (see 
also chapter on Urea). Within limits, therefore, animals appear to be able to 
utilize ammonia for the synthesis of protein. In herbivora, which display this 
B73 
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capacity to the greatest degree, this synthesis may be largely effected by bac- 
teria in the alimentary canal. Omnivores and carnivores, including man, do 
not seemip’have_a comparable capacity to utilize ammonia. Usually nitrogen 
equivalent" £o Ihe’ammonia taken can be almost quantitatively recovered from 
the urine of these animals. Nevertheless, it cannot be inferred that the mole- 
cules of urea excreted arc derived directly from the molecules of ammonia 
ingested. Schoenheimer and his associates (32, 94, 99), after feeding rats 
ammonia containing heavy nitrogen, identified the N I! in almost all the amino 
adds, creatine, purines, pyrimidines and other nitrogenous compounds of the 
tissues. As soon as it enters the body ingested ammonia becomes inextricably 
mixed with the endogenous ammonia and participates in all the reactions of the 
latter. It must at least be used to form the amino groups of those amino acids 
which can be synthesized in the body. 

The endogenous formation of ammonia. In all tissues ammonia is continually 
released from amino acids and as continuously taken up again for the formation 
of other compounds in the processes of deamination, transamination and amino 
acid synthesis which have been described in the chapter on Amino Acids. 
Other reactions such as the deamination of adenine in muscles (25, 84, 85) 
also contribute ammonia to the tissues. So reactive is the ammonia molecule, 
however, that only the minutest amounts arc ever left free in the tissues to 
gain access to the blood. The ammonia which is not used for the formation 
of newn-amino groups or for the synthesis of other nitrogenous compounds, such 
as purines (see chapter on Purines and Pyrimidines) apparently forms amide 
groups of arginine, glutamine and asparagine. These compounds serve as 
instruments for the disposal of surplus ammonia. They may, to be sure, be 
incorporated in protein or act as contributors of amide groups to other com- 
pounds) e g., the formation of creatine from arginine); these may be regarded 
as special offices of ammonia. In large part, however, the amines function 
as vehicles to carry the ammonia to the liver and kidneys to be excreted. In 
the liver arginine is broken down by the enzyme arginase to form urea. Glu- 
tamine and asparagine can apparently also yield their amide nitrogen to con- 
tribute to the formation of urea. Glutamine, through the action of gtutami- 
nase, releases ammonia for direct excretion in the kidneys. 

The formation of urea in the liver appears to be an obligator)' function at- 
tuned to the rate of protein catabolism— or it may be to the quantity of surplus 
ammonia produced in the metabolism of nitrogenous compounds. Bollman 
and Mann (12) found that after removal of the liver blood ammonia rose and 
injected ammonia was not converted into urea. The formation of ammonia 
by the kidney, on the other hand, appears to be a facultative process, propor- 
tioned not to the quantity of ammonia formed in the processes of nitrogen 
metabolism nor to the amounts of ammonia given to an animal, but controlled 
by the acid-base equilibrium of the animal The kidneys do not ordinarily 
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remove preformed ammonia from the circulation, but rather contribute am- 
monia to the blood (78). The formation of ammonia from glutamine in the 
kidneys is not an alternative or auxiliary means of excreting the waste products 
of nitrogen metabolism. Whereas removal of the liver permits ammonia to 
accumulate in the blood, removal of the kidneys has no comparable effect (61). 
The liver continues to produce urea even after its concentration in the blood 
has risen enormously. The formation of urea by the liver may be regarded 
as a defense against poisoning by ammonia; the formation of ammonia in the 
kidney as a defense against acid intoxication. 

Toxic action of ammonia. Ammonia is a highly toxic material, Bollman 
and Mann (12) found that liverless dogs developed symptoms of ammonia 
intoxication when the concentration of ammonia nitrogen in the blood reached 
2 mg. per 100 cc. The most spectacular of these symptoms is convulsions. 
The rabbit, for some reason, lacks the facility of most other animals to dispose 
of ammonia. Not only is this animal more susceptible to poisoning by the 
administration of ammonia, it develops convulsions and other symptoms of 
ammonia intoxication when given large quantities of urea (5, 6). 

THE EFFECT OF INGESTED AMMONIUM SALTS ON ACID-BASE EQUILIBRIUM 

Because the ammonia radical of ammonium salts is converted into urea 
in the body, the effect of these salts upon the acid-base equilibrium depends 
upon the nature of the anion with which the ammonium is combined. The 
salts of mineral acids induce acidosis. The effect of ammonium chloride, for 
example, is similar to that of an equivalent amount of hydrochloric acid. Its 
overall action in the body is expressed by the following equation: 

2NH 4 CI + CO, -* (NH»),CO + 2HCI + HtO 

Acidification has been induced by the chloride (4, 10, 34, 36, 59, 74, 75), sulfate 
(34), phosphate (1) and nitrate (58) of ammonia. 

The effect of ammonium salts of organic acids on the acid-base equilibrium 
depends upon the nature of the acid radical. Most organic acids consumed 
VAYi food tnt oxidized in TVifc Y*ud>", Wit Viunijuna'ie iA \Yie serum, Therefore, 
is not altered by feeding ammonium salts of these acids (43). 

CONCENTRATIONS, SOURCES AND REGULATION OF AMMONIA IN' BODY * 
FLUIDS AND SECRETIONS 

Blood. Estimation of the quantities of ammonia in the circulating blood 
is difficult because of the minute amounts present and because ammonia is 
formed spontaneously in the blood as soon as it is drawn, apparently from 
adenosine phosphate (22). This reaction proceeds so rapidly that the original 
concentration ot ammonia is multiplied several-fold in a short interval. If 
analysis is instituted with proper precautions immediately after the blood 
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has been drawn, usually less than 0.05 mg. of ammonia nitrogen per 100 cc 
is found in whole blood taken from an arm vein (9, 21, 31, 33, 60, 72, 83, 91, 
100). In blood received, as it was drawn, into an atmosphere of CO*, which 
prevents spontaneous ammonia production, Conway (21, 22) found only about 
0.004 mg. per cent of ammonia nitrogen. 

Ammonia is found in slightly higher concentrations in venous blood from the 
kidneys (57, 67, 78), the stomach and intestines (11, 20, 57, 72) and from 
severely exercised (but not resting) muscles (56, 77, 84, 85, 100). Resting 
muscles remove ammonia from the blood (8S). The ammonia in these veins 
arises from the more rapid production of ammonia by special processes in the 
tissues they drain. In the kidneys either a fraction of the ammonia formed 
from glutamine leaks back into the blood or deaminization is peculiarly active 
(see below). In the muscles the precursor of ammonia in exercise is believed 
to be adenosine phosphate (25, 84). Pamas and Lutwak-Man (85) estimate 
that some of the muscle ammonia must be produced from other materials. 
In the alimentary canal ammonia is formed from nitrogenous food, from urea 
that diffuses from the blood, and by activity of the intestinal epithelium (51). 

That the concentration of ammonia in the general circulation is kept so near 
zero is referable to the extraordinary efficiency with which it is converted to 
amide nitrogen in the tissues and to urea in the liver. Even large doses of 
ammonium salts evoke but a slight transitory rise of the blood ammonia in the 
general circulation of normal subjects; the ammonia is rapidly excreted as urea. 
Kirk (60, 61) found that after 10 to 13 gTams of ammonium citrate the blood 
ammonia of normal human subjects rose from a fasting concentration of 0.02 
to 0.04 mg. per 100 cc. to a maximum of only 0.06 mg. 

Cerebrospinal fluid. Bruhl (17) by a distillation method sensitive to 0002 
mg per cent of ammonia, could detect none at all in the spinal fluid of resting 
subjects. When there was irritability of the nervous system amounts of am- 
monia nitrogen up to 0.090 mg. were found, and after convulsions as much as 
0.450 mg. per 100 cc. 

Saliva. According to Hench and Aldrich (49) the concentration of urea in 
freshly secreted saliva approximates that in blood. The urea, however, is 
rapidly converted to ammonia by the bacterial flora of the mouth. The am- 
monia thus produced presumably contributes to the well-known odor of the 
breath of uremic patients. 

Gastric and intestinal juices. There is always a slight amount of ammonia in 
gastric juice (52, 53). Part of this may be formed from urea in the cells of the 
gastric mucosa, for it appears in freshly collected juice. Luck (71) has demon- 
strated the presence of urease in the cells of the gastric mucosa. A part of the 
ammonia must arise, however, from hydrolysis of urea after this has diffused 
into the gastric juice. The concentration of urea + ammonia nitrogen in 
gastric juice is nearly equal to the concentration of urea nitrogen in hlood (52). 
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Moreover, Hessel, Pekelis and Meltzer (52) noted a steady transformation of 
urea to ammonia in the juice from Pavlow pouches. When the blood urea was 
increased by nephrectomy, the urea -j- ammonia of the pouch fluid rose 
proportionally, indicating a tendency toward diffusion equilibrium between 
the gastric juice and the blood. 

In duodenal juice similar relations were observed (52). 

The concentration of ammonia in the secretions of the remainder of the small 
intestine, on the other hand, seems to depend less upon the blood urea and more 
upon the metabolic activity of the secretory epithelium. Herrin (51) found 
that the concentration of ammonia in the secretions of jejunal Thiery-Villa 
loops of dogs averaged 7 mg. per cent when the animals received carbohydrate 
diets, 29 mg. per cent when they were given mixed diets, and 49 mg. per cent 
when they were on meat diets. Lauresco (65) attributed this in part to bac- 
terial action; in part it may have been a product of proteolytic enzymes, which 
produce ammonia as well as amino acids. Herrin (51), however, showed that 
ammonia formation was stimulated by intravenous injection of amino acids. 
These increases of intestinal ammonia were not due to rises of blood urea, 
which were not great. Administration of sufficient urea to raise the blood 
urea above 100 mg. per cent did, indeed, regularly increase the urea of the 
intestinal secretions by 40 to 160 per cent; but smaller increases of urea com- 
parable to those that followed administration of protein or amino acids had 
little effect. The ammonia of the intestinal contents of the normal animal 
seems to be determined “largely by the protein metabolism of the gland 
celis”(51). 

The feces contain some ammonia (112). From the standpoint of clinical 
chemistry it is equally important to recognize that ammonia formation pro- 
ceeds in feces after they have been discharged from the body. Since stools 
are usually alkaline in reaction the ammonia escapes. If analysis of stools 
for nitrogen is contemplated they must be acidified. 

THE FORMATION OF URINARY AMMONIA AND ITS DETERMINANTS 

The kidney is the locus of formation of urinary ammonia. Long before the 
source of urinary ammonia had been discovered it was conclusively proved 
that it originated in the kidney. The most convincing evidence was the 
demonstration by Nash and Benedict (8, 9, 78) that the concentration of 
ammonia is greater in the blood of the renal vein than in arterial blood. The 
kidneys produce, from other substances brought to them by the blood, all the 
ammonia that is excreted in the urine, and in addition some that finds its way 
into the renal vein. This has been confirmed by other investigators (67). 
It has also been shown that the kidneys excrete more ammonia than is brought 
to them by the blood through the renal artery (13, 93). Rabinowitch (93) 
estimated that more ammonia was excreted by a number of diabetic patients 
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than the arterial blood could deliver to the kidneys if the blood flow of the 
entire body went through the kidneys. 

The kidneys can, of course, excrete ammonia that is brought to them by the 
blood, as they can excrete other iiltrabie substances. Gelfan and Visscher (38) 
found that heart -lung-kidney preparations excreted ammonia when ammonium 
carbonate or acetate was added to the perfusing fluid. Administration of 
ammonium salts to the hepatectomized animal greatly increases urinary 
ammonia because, in the absence of the liver, ammonia is not converted to 
urea in the usual manner and therefore accumulates grossly in the blood stream. 
Such experiments merely prove that the kidney can remove ammonia from the 
blood stream when its concentration in the blood greatly exceeds physiological 
limits. Under ordinary' or even pathological conditions, however, the kidneys 
do not decrease, but rather increase, the quantity of ammonia in the blood. 
Doubtless a fraction of the minute amount of ammonia brought to the kidneys 
by the arterial blood does find its way into the urine; but it is more than re- 
placed by ammonia which presumably diffuses back into the blood from the 
renal cells which produce it. 

In the amphibian kidney Walker (109) found that ammonia appeared in the 
urine only when this had progressed to the distal tubules. From this point 
on its concentration increased steadity. This is the same portion of the tubules 
in which acidification of the urine occurs. 

The precursors of urinary ammonia. Tire long controversy over the im- 
mediate chemical source of urinary’ ammonia is chiefly of historical interest 
since the discovery by Hamilton (42) and Harris (44) that blood contains 
glutamine and the demonstration by Van Slyke and associates (108) that 
ammonia is formed from glutamine in the kidneys by the enzyme, glutaminase 
(see chapter on Amino Adds). 

For a long time urea was supposed to be the precursor of ammonia. This 
opinion arose chiefly' from an apparent inverse relation between ammonia and 
urea in the urine which v, ill be considered below. The absence of demonstrable 
urease in the kidney, however, and the discovery by Krebs (63) that the cortex 
of the kidney is peculiarly active in splitting ammonia from amino acids, turned 
attention to the latter. In the living animal it proved as difficult to identify 
the precursor of urinary’ ammonia with amino adds. Although the ammonia 
in the blood, especially of the renal vein, can be increased by injections of amino 
adds (13, 90), these rises are not accompanied by’ significant increases of urinary’ 
ammonia (79, 89). Conversely, according to Polonovski et al (89), gross 
changes of urinary ammonia caused by addosis and alkalosis are not associated 
with changes of ammonia in the blood of the renal vein. That urinary am- 
monia excretion is controlled by the add-base balance of the organism and 
not by blood ammonia, within physiological limits, has also been emphasized 
by Bollman and Mann (12). Polonovski (89) concluded that the contribution 
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of ammonia by the kidneys to the blood and to the urine are effected by two 
separate and distinct processes. Besides amino acids and urea, adenosine 
phosphate, which appears to be the chief source of ammonia formed in the mus- 
cles, was proposed as a source of urinary ammonia (86, 111). The presence of 
adenosine phosphate in the kidneys and its ability to yield ammonia in renal 
tissue in vitro were demonstrated by Embden and his collaborators (see 111). 

Although it cannot be asserted unequivocally that glutamine is the only 
source of urinary ammonia, it appears to be the chief source. Urea has been 
effectively excluded. Amino acids and adenosine phosphate contribute am- 
monia in renal tissue as they do in other tissues, perhaps in larger proportions, 
owing to the great deaminizing power of this tissue. This, together with the 
ammonia brought to the kidneys by the blood from other tissues may contribute 
a minor fraction of urinary ammonia and may be responsible for the ammonia 
that finds its way into the renal vein. 

TIIE DETERMINANTS OF THE URINARY EXCRETION OF AMMONIA 

Protein metabolism. The daily ammonia output tends to rise somewhat 
with the amount of protein consumed (11). This is probably due to the fact 
that most protein foods, because they contain sulfur and phosphorus, yield an 
acid ash. If the acidifying effect is prevented by adding sodium bicarbonate 
or citrate with the high protein, ammonia excretion remains low (45, 98). The 
proportion of ammonia in the total urinary nitrogen tends to vary inversely 
as the total nitrogen (see table 33 in the chapter on Urea) and directly as the 
acidity (46). 

The tendency to consider urea as the source of urinary ammonia arose from 
combined studies of nitrogen and acid-base metabolism. It had been observed 
that if the acid-base equilibrium of a man excreting a fairly constant amount 
of nitrogen daily was so disturbed that the percentage of ammonia in the total 
urinary nitrogen was altered, the percentage of urea shifted in the opposite 
direction, so that the ratio, Urea N + NH 3 — N:Total N, remained relatively 
constant (30, 45). For example, Falling (30) ordinarily excreted an average 
of 4.4 per cent of his Total N as NHj, 86.7 per cent as urea, the sum being 91.1 
per cent. In severe acidosis induced by ingestion of NHiCl he excreted 15.7 
per cent as NHj, 73.3 per cent as urea, the sum remaining nearly the same, 
89.2 per cent. It seemed obvious that the extra 11 per cent of ammonia nitro- 
gen must have been derived from nitrogen that was ordinarily destined to 
form urea. Even if ammonia is not formed from urea the possibility remains 
that part of the nitrogen that would ordinarily be converted to urea in the 
liver might, under conditions of acidosis, be diverted to ammonia in the kidneys. 
The constancy of the percentage of NHj + Urea in the urinary nitrogen would 
be consistent with such a hypothesis. That is, glutamine might yield its 
ammonia alternatively to form urea in the liver or to be excreted directly by 
the kidney. 
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Conclusive evidence that this is not the case, but that hepatic formation of 
urea and renal formation of ammonia are independently controlled has been 
adduced by Pitts (87) and by Alving and Gordon (2) through comparison of 
the clearances of urea and creatinine in dogs before and after the induction of 
acidosis by calcium chloride. Total nitrogen excretion was reduced to a mini- 
mum by reduction of dietary protein, while ammonia excretion was magnified 
by producing a severe acidosis. Under these circumstances, if ammonia were 
formed at the expense of urea the clearance of urea + ammonia should remain 
constant or, if it changed, should parallel the creatinine clearance which, in the 
dog, is a measure of glomerular filtration. Instead of this the urea-plus- 
ammonia nitrogen clearance rose, while urea clearance preserved its normal 
relation to the creatinine clearance. 

Ammonia excretion as a defense against acidosis . Ammonia excretion is the 
most important means of meeting gross invasion of the body by acid (16); 
but it seems to be kept in reserve for such conditions and to be only sluggishly 
stimulated by ordinary day-to-day variations of acid-base metabolism. Hen- 
derson and Palmer (50) found so little correlation between the 24-hour urinary 
output of ammonia and urinary pH under ordinary conditions that they con- 
cluded: “There appears (statistically) to be a slight diminution as H + dimin- 
ishes, but the variations are hardly outside the probable error. ... In the nor- 
mal body nearly if not quite all the final regulation of H + through excretion 
falls upon the titratable excretion of acids, that is to say, upon the phosphates." 

When acidosis is caused by invasion of a strong acid or by loss of alkali bi- 
carbonate (e g., in diarrhea), there is a simultaneous fall of the bica/bonate 
and the pH of the blood. The pH is restored to normal only when the base 
in the bicarbonate and the other buffers is replaced. (Theoretically the pH 
could be restored, without the bicarbonate, by chronic hyperpnea, but this 
compensatory reaction is usually incomplete (see chapter on Carbonic Arid 
and Acid-Base Balance).) 

The manner in which the kidney uses ammonia to achieve this restoration 
may be best illustrated by an example. If it be assumed that the invading arid 
is sulfuric and if the fixed alkali (Na, K, Ca and Mg) is represented by B, the 
immediate effects of the sulfuric acid upon the buffers in the body may be 
illustrated by its reaction with bicarbonate and proteinate: 

HjSO, -f 2BIICO- = B,SO« + H-CO, 

II,SO, + 2B (Protein) *= II, SO* + 2H (Protein) 

Alkali formerly balanced by anions of buffer salts and therefore capable of 
neutralizing strong acids is changed to alkali balanced with SOi and therefore 
without neutralizing powers. To restore this alkali to the buffers, the SO» 
must be eliminated while the alkali cations are retained. The task is accom- 
plished liy the kidnejs, chiefly by means of ammonia. 
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In accordance with the current theory of renal function the use of ammonia 
to excrete the SO* without fixed alkali may be conceived in somewhat the 
following manner. The ammonia, as ammonium bicarbonate, is extruded 
into the glomerular filtrate by the tubular cells in which it is formed. This 
filtrate contains all the diffusible ions of the plasma, including in the present 
case the SO*. Tubular cells which have the ability to select from the filtrate 
substances which the body needs to retain, reabsorb selectively the Na, K, 
HCOj and other desirable substances, leaving the NH 4 and SO< to be eliminated 
in the urine: 


B,S0 4 + 2NH|HCO» = 2BHCO, + (NH.),SO* 

Filtered from blood Formed in kidney Reabsorbed from Excreted in urine 

plasma into glom- and secreted into tubular lumen 
crular filtrate filtrate in tubular 

lumen 

The net result is the replacement in the body of B 2 SOi by regenerated BHCOj. 
The latter not only serves to restore the bicarbonate reserve of the body; it 
also shifts the equilibrium of such reactions as BHCO3 + H(Protein) ^ B(Pro- 
tein) + H 2 COj to the left, to restore alkali to other buffers. 

The stimulus to ammonia excretion. There has been some dispute whether 
ammonia excretion is controlled by the pH of the body fluids or the plasma 
bicarbonate that commonly parallels the pH. A partial answer is found in the 
experiments of Davies, Haldane and Kennaway (23). When air containing 
5 to 6 per cent of C0 2 was breathed for periods of 2 hours the rate of elimination 
of ammonia was doubled during the first hour and remained elevated during the 
second hour. In CO2 acidosis the pH of the plasma falls, but the supply of 
buffer alkali in the body is not diminished; there is merely a shift of a portion 
of this alkali from other buffers to bicarbonate by reactions such as B (Protein) 
+ H 2 COj — * BHCOj + H(Protein). BHCO3 does not fall, but rises. Unless 
it be assumed that free CO> itself specifically stimulates ammonia production, 
the increase of ammonia must be attributed to the decrease of plasma pH. 
It is experiments such as these that have led Briggs (14, 15) to formulate the 
theory that ammonia is formed and excreted hy the tubule cells ol the kidney 
in accordance with the reaction of the urine in the tubules. When this becomes 
acid the tubule cells are stimulated to secrete more ammonia. 

This does not exclude the possibility that deficit of plasma bicarbonate also 
stimulates ammonia excretion. From figure 52 there appears to be an almost 
linear relation between the rise of ammonia output and the fall of plasma 
bicarbonate in conditions of alkali deficit in persons with undamaged kidneys. 
It is impossible at present to distinguish whether this relation denotes that 
the bicarbonate concentration in the plasma controls the formation of am- 
monia by the kidneys directly or whether the parallelism between bicarbonate 
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Conclusive evidence that this is not the case, but that hepatic formation of 
urea and renal formation of ammonia are independently controlled has been 
adduced by Pitts (87) and by Alving and Cordon (2) through comparison of 
the clearances of urea and creatinine in dogs before and after the induction of 
acidosis by calcium chloride. Total nitrogen excretion was reduced to a mini- 
mum by reduction of dietary protein, while ammonia excretion was magnified 
by producing a severe acidosis. Under these circumstances, if ammonia were 
formed at the expense of urea the clearance of urea + ammonia should remain 
constant or, if it changed, should para lie! the creatinine clearance which, in the 
dog, is a measure of glomerular filtration. Instead of this the urea-plus- 
ammonia nitrogen clearance rose, while urea clearance preserved its normal 
relation to the creatinine clearance. 

A mmonta excretion as a defense against acidosis. Ammonia excretion is the 
most important means of meeting gross invasion of the body by acid (16); 
but it seems to be kept in reserve for such conditions and to be only sluggishly 
stimulated by ordinary day-to-day variations of arid-base metabolism. Hen- 
derson and Palmer (50) found so little correlation between the 24-hour urinary 
output of ammonia and urinary pH under ordinary conditions that they con- 
cluded: "There appears (statistically) to be a slight diminution as H + dimin- 
ishes, but the variations are hardly outside the probable error. ... In the nor- 
mal body nearly if not quite all the final regulation of II + through excretion 
falls upon the titratablc excretion of acids, that is to say, upon the phosphates.” 

When acidosis is caused by invasion of a strong acid or by loss of alkali bi- 
carbonate (e g., in diarrhea), there is a simultaneous fall of the bicarbonate 
and the pH of the blood The pH is restored to normal onty when the base 
in the bicarbonate and the other buffers is replaced. (Theoretically the pH 
could be restored, without the bicarbonate, by chronic hyperpnea, but this 
compensatory reaction is usually incomplete (see chapter on Carbonic Acid 
and Acid-Base Balance).) 

The manner in which the kidney uses ammonia to achieve this restoration 
may be best illustrated by an example. If it be assumed that the invading acid 
is sulfuric and if the fixed alkali (Na, K, Ca and Mg) is represented by B, the 
immediate effects of the sulfuric acid upon the buffers in the body may be 
illustrated by its reaction with bicarbonate and proteinate: 

HjSO, + 2ISHCO : = B.SO. + H,CO, 

H.SO, + 2B (Protein) = B,SO, + 211 (Protein) 

Alkali formerly balanced by anions of buffer salts and therefore capable of 
neutralizing strong acids is changed to alkali balanced with SO« and therefore 
without neutralizing powers. To restore this alkali to the buffers, the SO* 
must be eliminated while the alkali cations are retained. The task is accom- 
plished by the kidneys, chiefly hy means of ammonia. 
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In accordance with the current theory of renal function the use of ammonia 
to excrete the SOI without fixed alkali may be conceived in somewhat the 
following manner. The ammonia, as ammonium bicarbonate, is extruded 
into the glomerular filtrate by the tubular cells in which it is formed. This 
filtrate contains all the diffusible ions of the plasma, including in the present 
case the SO<. Tubular cells which have the ability to select from the filtrate 
substances which the body needs to retain, reabsorb selectively the Na, K, 
HCOjand other desirable substances, leaving the NH« and SOi to be eliminated 
in the urine: 


B,S0 4 + 2NIWICO, *= 2BHCO, + (NHOiSO, 

Filtered from blood Formed in kidney Reabsorbed from Excreted in urine 

plasma into glom- and secreted into tubular lumen 
erular filtrate filtrate in tubular 

lumen 

The net result is the replacement in the body of B2SO4 by regenerated BHCOj. 
The latter not only serves to restore the bicarbonate reserve of the body; it 
also shifts the equilibrium of such reactions as BHC0 3 + H(Protein) B(Pro- 
tein) + HjCOj to the left, to restore alkali to other buffers. 

The stimulus to ammonia excretion. There has been some dispute whether 
ammonia excretion is controlled by the pH of the body fluids or the plasma 
bicarbonate that commonly parallels the pH. A partial answer is found in the 
experiments of Davies, Haldane and Kennaway (23). When air containing 
5 to 6 per cent of CO; was breathed for periods of 2 hours the rate of elimination 
of ammonia was doubled during the first hour and remained elevated during the 
second hour. In C0 2 acidosis the pH of the plasma falls, but the supply of 
buffer alkali in the body is not diminished; there is merely a shift of a portion 
of this alkali from other buffers to bicarbonate by reactions such as B (Protein) 
+ H 2 C0 3 — > BHCOs + H(Protein). BHC0 3 does not fall, but rises. Unless 
it be assumed that free C0 2 itself specifically stimulates ammonia production, 
the increase of ammonia must be attributed to the decrease of plasma pH. 
It is experiments such as these that have led Briggs (14, 15) to formulate the 
theory that ammonia is formed and excreted by the tubule cells of the kidney 
in accordance with the reaction of the urine in the tubules. When this becomes 
acid the tubule cells are stimulated to secrete more ammonia. 

This does not exclude the possibility that deficit of plasma bicarbonate also 
stimulates ammonia excretion. From figure 52 there appears to be an almost 
linear relation between the rise of ammonia output and the fall of plasma 
bicarbonate in conditions of alkali deficit in persons with undamaged kidneys. 
It is impossible at present to distinguish whether this relation denotes that 
the bicarbonate concentration in the plasma controls the formation of am- 
monia by the kidneys directly or whether the parallelism between bicarbonate 
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Ultimately the whole work of neutralization, aside from a small part effected 
by excretion of free add, was performed by ammonia. When the original 
condition had been restored nearly 90 per cent of the acid had been neutralized 
by ammonia. The fixed alkali sacrificed in the first daj'S of acidosis was a loan 
from the organism, which was paid back by ammonia during the process of 
reparation. In addition to the ingested chloride Felting lost, during the 
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Fig. 53. The excretion of add and base after administration of CaCl, and NH»CL From 
data of Gamble, BlacLfan and Hamilton (34) secured from a nephritic patient, AT. The 
duration and amounts of acidifjtng salts administered are indicated by the areas enclosed 
in double lints Comparison of the two parts of the figure shows that NH« excretion is no 
greater after Nil, Cl than after CaCI«, important evidence that ammonia excretion is inde- 
pendent of the amount of ammonia given. 


periods of acidosis, about an equal amount of chloride from his body stores, 
owing to the diuresis provoked by the acidosis. 

The delay in ammonia formation is seen not only in acute acidosis from ad- 
ministered acid, but also in acute ketosis. Figure 54 represents the total add 
and base excretion of a child during a 10-day fast. The urine ammonia rises 
steadily for 6 days, while the total anion excretion reaches its height In about 
3 days. The fixed base, Na + K + Ca + Mg, gradually diminishes as the 
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fast progresses, ammonia becoming maximum when the fixed base reaches a 
minimum. The body seems to yield a certain amount of alkali from its buffer 
salts, but parts with each successive decrement more unwillingly, substituting 
increasing amounts of ammonia as the need for conservation of base becomes 
more urgent. Ammonia excretion continues relatively high after the fast has 
been broken, when organic acid excretion has returned to normal and fixed base 
excretion is minimal. During this period the subject continues to use ammonia 
to neutralize acid, retaining alkali bicarbonate to replace the buffer alkali lost 
during the period of acidosis. At the same time NaCl and potassium salts are 
retained to replace the quantities of these salts swept out in the diuresis in- 
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Fig. 54. The excretion of acid and base during a ten-day fast. From data of Gamble, 
Ross and Tisdall (37) from subject F. McH. 


duced by the acidosis. A similar succession of events is seen in diabetic acido- 
sis (3, 80). 

The speed with which acid is given, therefore, is a factor in the ammonia 
response. Fiske (26) found that when cats were given sulfuric acid at moderate 
rates about 30 per cent of the sulfate excreted was immediately neutralized 
by ammonia, and urinary ammonia remained high for 3 or 4 days after all the 
administered sulfate had been eliminated. When the same quantity of acid 
was injected intravenously with such rapidity that hyperpnea was induced, 
ammonia excretion was not affected; all the sulfate appeared in the urine 
neutralized by inorganic bases (27). 
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The immediate increase of urinary ammonia after tiic lactic add acidosis of 
short vigorous exercise, like the ammonia formation provoked by rebreathing 
COj, is an exception to the general rule that ammonia excretion lags behind 
acid production (48, 114). 

Once equilibrium has been established between acid production and ammonia 
formation, it can apparently be maintained indefinitely. When Brooke and 
Smith (16) raised rats on nearly ash-free diets, 95 per cent of the anions ex- 
creted fa the urine were neutralized by ammonia. 

« 

TABLE 35 

Maximal Ammonia Outputs by Human Subject in Response to Diets Producing Varv- 
ino Amounts or Acid 

Subject S. T. ot Salter, Farquharson, and Tibbets (97). 

Add producing power of diet was calculated from aridity of food ash plus added acidifying 
salts, or minus added NaUCO, Each diet was fed several days till NIL output had become 
constant, and data were then collected o\er 3-day period. 


ACID MODCCED »» DIET Be* 

24 BOOT* 

| AMMONIA^ EXOETED EE* 

PERCENTAGE Of DIET AIT A (TO 
NECTEAUIEO »» IVCEEASE Of Nil, ABOVE 

Ntli zxcMzrro ov ke nut Birr 

ntltiituhatnli 

mtlicimtalenls 

fir (tnl 

-200* 

13 


-100* 

22 


0 

33 

\ Usual normal 

+100 

75 

37J range 

+200 

135 

48 

+300 

213 

53 

+400 

296 

65 

+500 

401 

73 

+000 

532 

83 


* Minus figures indicate alkali produced by diet plus NaHCOj. 


Quantitative response of ammonia to acid production. As Henderson and 
Palmer (50) pointed out, small differences in the amounts of acid provided by 
ordinary diets or by variations of day-to-day activities are met more by changes 
in the excretion of titratable acid than by changes of ammonia formation. 
Ammonia excretion is the most important defense against great acid invasions, 
but it seems to be largely' reserved for such crises and to respond indifferently 
to ordinary’ variations of acid-base metabolism. This is exemplified in table 35 
from data of Salter, Farquharson and Tibbets (97). When the excess of acid 
to base was 100 milliequivalents, about the maximum encountered in ordinary 
normal metabolism, only 37 per cent of the acid was covered by increased 
ammonia production. When the excess of acid was 600 milliequivalents, ap- 
proximating that of severest diabetic acidosis, S3 per cent was covered by 
ammonia production. The last 200 milliequivalents of acid, produced by the 
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rise from 400 to 600 milliequivalents, were entirely covered by an equivalent 
increase of ammonia. 

Quantitative relation of ammonia to plasma bicarbonate deficit. It will be seen 
from, figure 52 that in established diabetic acidosis the rate of excretion of 
ammonia is approximately proportional to the fall of plasma bicarbonate. 
Such a relationship might be expected if the decrease of buffer alkali was the 
chief stimulus to ammonia formation. The straight line drawn through the 
points in the figure indicates that, for moderate degrees of diabetic acidosis, 
an average of about 10 milliequivalents of ammonia is excreted for each drop 
of one millimol of plasma COj. In severe grades of acidosis, however, the rate 
of ammonia formation greatly exceeds that indicated by the average line. 
Examples are seen in the two highest ammonia excretions in figure 52 and by 
the highest excretions in table 35. 

THE EXCRETION OP AMMONIA UNDER PHYSIOLOGICAL AND PATHOLOGICAL 
CONDITION'S 

The normal rate of excretion of ammonia. Under ordinary circumstances a 
normal adult excretes in the urine daily 0.3 to 1.2 grams of ammonia nitrogen 
(100). This represents 20 to 70 milliequivalents, or 200 to 700 cc. of 0.1 K 
ammonia. The concentration of ammonia nitrogen in urine is accordingly 
in the vicinity of 50 mg. per 100 cc. or 1000 times as great as its concentration 
in blood. 

The adventitious nature of the relation between the total nitrogen and 
ammonia nitrogen of the urine has already been discussed. Hasselbalch (46) 
at one time proposed that the ratio, urinary' ammonia nitrogen: urinary’ total 
nitrogen, be used as an index of acid excretion. For reasons implicit in the 
factors which control ammonia formation this ratio proved unreliable as a 
criterion of acidosis and has been long abandoned. It was, however, widely 
employed in certain clinical fields for a time. 

The effects of diet and exercise have been mentioned above. 

Normal pregnancy. Studies of ammonia excretion in pregnancy' appear to 
have been limited to determinations of the ratio of ammonia N to total N in the 
urine; the actual daily excretion of ammonia does not appear to have been 
measured. High ratios observed in the latter part of pregnancy’ were adduced 
as evidence of an acidotic tendency' (46), although they might equally well be 
due merely to a low total nitrogen output (e.g., see table 33 in the Urea chapter) 
with a normal output of ammonia. The available data cannot, therefore, be 
interpreted with any certainty. 

Toxemias of pregnancy. In the toxemias of pregnancy also attention has 
been confined to the ratios of NHj — N:total N (70, 113). These proved 
extremely variable. If any’ significance can be attached to the ratio as a meas- 
ure of acid-base equilibrium, these variations may’ be only’ manifestations of the 
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multifarious disorders that characterize toxemias; for example, vomiting, 
starvation and convulsions. The unreliability of this ratio in this respect is, 
however, illustrated by its poor correlation with plasma bicarbonate in the 
few data of Losee and Van Slyke (70). Tor example, their case with the highest 
ammonia ratio, 31 per cent, had an entirely normal plasma COj of 62 volumes 
per cent. 

Diabetes. The greatest urinary ammonia outputs reported have been from 
patients with diabetic acidosis. In fact, ammonia excretion was long used as a 
measure of the severity of acidosis in this condition. It usually parallels fairly 
closely the excretion of ketone bodies (107). The sum of ammonia + titratable 
acid in the urine has been found to be related to the bicarbonate deficit in the 
blood (28). The ammonia excretion may, however, fail signally to reveal the 
severity of ketosis in patients who have received bicarbonate or who have 
serious impairment of renal function (93) and in patients who have developed 
acidosis with great rapidity (81). With these exceptions the excretion of 
more than 2 grams of ammonia per day is an indication of the presence of a well 
pronounced ketosis, while more than 5 grams per day denotes a serious intoxi- 
cation (107). The relation of ammonia output to plasma bicarbonate in dia- 
betics without renal disease is shown in figure 52. 

Wien insulin is suddenly withdrawn from a diabetic patient acidosis may 
develop so rapidly that coma occurs within 24 hours (81). Odin (81) attrib- 
utes the precipitate course in these cases to the time lag, discussed above, 
between the sudden invasion by acid and the defensive formation of ammonia 
by the kidneys. He reports a case in whicli after withdrawal of insulin, the 
whole blood COj capacity fell within 24 hours from 53 to 22 volumes per cent 
(corresponding to 65 and 26 volumes per cent of plasma CO- respectively). 
In the same interval the ammonia output rose only from 42 milliequivalents 
per 24 hours (the mean of 3 preceding days) to 71, which hardly exceeds the 
normal range of variation By administration of large doses of insulin the 
blood CO 2 was restored nearly to normal within another 24 hours; but the 
ammonia output did not reach its maximum of 175 milliequivalents per 24 
hours until this second day, when it was no longer urgently required. In other 
patients, when the dose of insulin was gradually reduced to zero, the plasma 
bicarbonate deficit was far less serious, even though ketosis was considerable 
(81). In these instances time was given toe ammonia ptwluctwsw to become 
accelerated before acidosis had reached its peak. 

Diseases of the hi er. Ammonia is normally removed from the body as urea 
by the liver; the alternative reDal pathway seems to be attuned only to the 
preservation of the acid-base equilibrium. Injury of the liver, therefore, 
might be expected to decrease its effectiveness in preventing the accumulation 
Of ammonia in the blood. So greatly does the ability of this organ to synthesize 
urea exceed the demands put upon it, however, that injury sufficient to cause 
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the blood ammonia to rise appreciably above the normal limits is hardly com- 
patible with life. Increases have been demonstrated in the liverless animal 
(12). Kirk (60), in 15 cases of acute hepatitis and 8 of obstructive jaundice 
without evidence of biliary cirrhosis, found normal blood ammonia values even 
after the administration of 10-gram doses of ammonium citrate. 

In hepatic cirrhosis, on the other hand, Kirk (60) and others (18, 19, 62) have 
noted that the blood ammonia tends to be high and increases markedly after 
ingestion of ammonium citrate, reaching values as high as 50 times normal. 
Kirk attributes this failure of the liver to hold down the concentration of 
ammonia in the blood, not to parenchymatous damage, but to the fact that 
some of the portal blood is shunted around the liver through the collateral 
circulation, thereby passing directly from the intestine to the general circula- 
tion. Kirk found that after administration of ammonia urea was formed with 
normal rapidity, indicating that there was no marked retardation of the ability 
to synthesize urea from ammonia. Blood from the dilated veins of the ab- 
dominal wall contained ammonia in higher concentration than did blood from 
the veins of the arm. Kirk concluded that “the ammonia tolerance test does 
not represent a test of liver function, but a procedure for the detection of an 
anatomical abnormality: the presence of abnormally developed anastomoses 
between the portal system and the systems of the venae cavae” (60). 

van Caulaert, Deviller and Ha Iff (19) reported acute mental symptoms 
following the administration of 10 grams of ammonium chloride daily to pa- 
tients with cirrhosis; Kirk (60) observed no such symptoms after equal amounts 
of ammonium citrate, even though the ammonium citrate was given in a single 
dose and the blood ammonia rose higher than it did in van Caulaert's cases. 
Kirk is inclined to ascribe the symptoms, drowsiness, etc., noted by van 
Caulaert to the acidosis produced by the ammonium chloride, rather than to 
the blood ammonia, which rose only to about 0.4 mg. per cent. 

Diseases of ike kidneys. The abiUty to excrete ammonia is diminished by 
injury to the kidneys. Palmer and Henderson (82) showed that the daily 
excretion of ammonia is smaller in patients with severe renal disease than in 
normal subjects, an observation which has been abundantly confirmed (66, 91, 
92, 105, 106). Van Slyke, Linder et al (105) found that the ratio, ammonia: ti- 
tratable acid (both expressed in terms of 0.1 N solution) in the urine of non- 
nephritic subjects was nearly always greater than 1 . In patients with markedly 
reduced urea clearances the ratios were less than 1, and in advanced nephritis 
less than 0.3 (see figure 55). The decreases were due entirely to diminished 
ammonia excretion. In a series of subjects studied by Van Slyke, Page, 
Hiller and Kirk (106) the urinary' ammonia nitrogen of normal subjects aver- 
aged 5 per cent of the urea nitrogen; in nephritics with urea clearances over 20 
]>cr cent of normal, it averaged 3.5 per cent; in patients with urea clearances 
less than 20 per cent it averaged only 1 per cent. 
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Linder (66) studied the response of normal persons and nephritic patients 
to the administration of hydrochloric acid. In normal subjects excretion of 
fixed base was first accelerated; later urinary ammonia rose and continued 
high after the administration of acid was discontinued. Edematous ncphritics 
excreted ammonia with relatively Jess Joss of fixed base. In advanced nephritis 
with nitrogen retention there was a greater loss of fixed base with little or no 
increase of urinary ammonia. Rabinowitch (92) has pointed out that in 
diabetes low ammonia excretion in the presence of ketosis is an indication of 
impaired renal function. 



Pig 55. Comparison of lie ratio 0 1 n Nil, 0 1 N and, in the urines of nephritic patients, 
with the urea secretory index Trom data of Van Sljke, Linder, Hiller, Leiter and McIntosh 
(105). x = cases of nephrosis -f = first observed with clinical signs of nephroris, and later 
developing renal insufficiency □ = cases of benign nephrosclerosis. 0> » cases of glom- 
erulonephritis, Stage I (acute) and Stage II. O ■= cases of glomerulonephritis, terminal 
stage, and cases of malignant nephrosclerosis. 


From figure 52 it can be seen that for a given deficit of plasma bicarbonate 
patients with nephritis excrete far less ammonia than do patients w ith diabetes. 
In advanced nephritis it is common to find low plasma bicarbonate with almost 
no urinary ammonia. 

The diminished excretion of ammonia in renal insufficiency' does not lead to 
its accumulation in the blood; blood ammonia does not increase in nephritis 
(61, 105). It is removed from the blood in the normal manner and converted, 
to urea by the liver. Kirk (61) found that after injection of ammonium citrate 
containing 2 grams of N, patients with advanced nephritis transformed the 
ammonia into urea as rapidly as normal persons did and kept the blood am- 
monia as low (under 0.06 mg. per 100 cc.). Van Slyke, Phillips, Hamilton et ai 
(108) have shown that there is less glutamine in nephritic than there is in normal 
kidneys. 
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Magnus-Levy (73) reported that the urinary NH* — N: total N ratios tended 
to be abnormally high in patients with the nephrotic syndrome. In his cases 
the high ratios appear to be due to low total N rather than to high NHj, since 
the 24-hour ammonia nitrogen output, in those cases for which it can be calcu- 
lated, never exceeded 0.7 gram or 50 raiiliequivalents, which is entirely normal. 
Briggs (15) claims that the ratio of ammonia to acid in the urine is also high. 

Injections of the bladder. If the urinary tract is infected with bacteria which 
can convert urea into ammonia this process may occur in the bladder. In this 
case the urinary ammonia can no longer be employed as an index of the acid- 
base metabolism. Van Slyke (104) has shown that if the ratio, 0.1 n NHjIO.In 
acid, exceeds 5, bacterial decomposition of the urine as the result of cystitis 
may be inferred. 

Bacterial decomposition of urea with production of ammonia can proceed 
equally well in vitro and must be prevented, by means described in the Volume 
on Methods, if ammonia determinations are to be of any value. 

Addison's disease. Loeb and his associates (68, 101) and Jimenez-Diaz (55) 
have found that ammonia excretion diminishes in adrenal insufficiency. This 
may be only a manifestation of impaired renal function. Jimenez-Diaz (55), 
however, claims that less ammonia is formed in the Warburg apparatus by kid- 
neys from adrenalectomized dogs than is formed by kidneys from normal dogs. 
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CREATINE AND CREATININE 

THE NATURE AND CHEMICAL RELATIONSHIP OP CREATINE AND CREATININE 

Creatine, methyl-guanidine-acetic acid, 

NH, 

/ 

I HN=C 

\ 

N(CHi) — CH, — COOH 

though a constituent of most tissues, is unevenly distributed in the body. It 
occurs in greatest concentration in striated muscle, in heart muscle, in testes, 
liver and kidneys, in somewhat lesser amounts in the brain. It appears in low 
concentration in the blood, but is not found in the urine of most normal adults. 
Its peculiar distribution and its absence from normal urine led early to the 
recognition that it was not merely a waste product of metabolism, but a sub- 
stance that probably served a useful function in the muscles. This impression 
was further strengthened by the discovery that if creatine is administered to an 
animal the major portion can not be recovered in the excreta (37, 38, 40, 41, 
67, 71, 75, 103a, 131, 151, 182, 209). 

Phosphocreatine. In 1929 Fiske and Subbarow (60) demonstrated that a 
large part of the creatine in muscle exists in combination with phosphoric acid 
as phosphocreatine, 

NH— PO(OH), 

/ 

II HN=C 

\ 

N(CH.)— CH»— COOH 

The phosphoric acid is split off when the compound is acidified. It was shortly 
thereafter demonstrated that in muscle extracts under anaerobic conditions 
phosphocreatine, through the intermediation of adenylic acid, can provide 
phosphoric acid for the phosphorylation of hexoses derived from glycogen 
(126). It can also act as a receptor of phosphoric acid from phosphopyruvic 
add through the same intermediary (120, 130, 135). The presumptive reac- 
tions can be represented in the following manner: 

to bexosephosphate 

t 

(1) Adenosinetriphosphate * adenylic acid + phosphoric acid 

(2) Adenylic acid + phosphocreatine adenosine triphosphate 

+ creatine 

(3) Phosphopyruvic add -}- adenylic add » adenosinetriphosphate 

4- pyruvic add 
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Since then the significance o! phosphocreatine in the normal activity of muscle, 
like that of all the phosphate esters, has been a subject of intense investigation. 
This subject is treated in more detail in the chapters on Carbohydrate and 
Phosphate. Whatever its precise rile may be, the discovery of Fiske and Sub- 
barrow has established creatine as an integral factor in the activity of muscle 
and in the cycle of carbohydrate metabolism. This has been reflected in a 
tendency to connect disorders of creatine metabolism encountered in disease 
with disturbances of muscles, on the one band, and of carbohydrate metabolism 
on the other. 

Creatinine, 

II— N 

I 

C=NII 

I 

n— at, 

I 

II— C 0=0 

I 

II 

is the internal anhydride of creatine. Unlike creatine, creatinine is relatively 
evenly distributed in low concentration throughout the water of the body and 
is regularly found in the urine 

The close chemical relationship between these two substances naturally 
led to the assumption that their functional relationship was equally dose. In 
1905 Folin (61, 62) showed that the amount of creatinine in the 24-hour urine 
was a constant characteristic of a given individual. Shaffer (191) found that 
the rate of creatinine excretion of any person was related to his size and muscu- 
lar development and, therefore, presumably to the amount of muscular tissue 
in the body. This and the fact that creatine of muscle is converted to creati- 
nine during the process of autolysis (83, 152) suggested that creatinine was the 
end-product of creatine metabolism. That creatinine is directly derived from 
creatine has now been established beyond question by Bloch and Schoenheimcr 
(15) by means of creatine labeled with isotopic nitrogen. 

The long delay in the solution of this apparently simple problem arose from 
the. feudality to increase the excretion creatinine by injections xA creatine. 
After such injections a fraction of the creatine appears in the urine unchanged, 
but the greater part is not excreted Some observers have been unable to 
demonstrate any increase in the urine creatinine (12, 66, 71, 83). Others have 
recovered some extra creatinine after prolonged and excessive feeding of 
creatine (11, 37, 38, 40, 41, 75, 103a, 131, 181, 182, 191); but never has a large 
proportion of the creatine appeared as creatinine in the urine. 
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THE GENERAL METABOLISM OF CREATINE AND CREATININE 
The origin and precursors oj creatine and creatinine 
In attempts to determine the precursors of creatine two methods were 
commonly employed: (1) tissues of animals were analyzed for creatine after 
the administration of various substances; (2) urine was analyzed for creatine 
after the administration of similar substances. The latter procedure was 
applied to subjects without creatinuria and to subjects with physiologic and 
with pathologic creatinuria. The identification by these methods of the 
substances from which creatine is formed met an obstacle in the elusive behavior 
of this compound. When creatine itself is given to an animal most of it can 
be found neither in the tissues nor in the urine (39). If the fate of creatine 
itself can not be determined by recovery experiments, it is inherently improba- 
ble that similar procedures will aid in the identification of the substances from 
which it is formed. The large volume of work dealing with this aspect of the 
subject, therefore, will not be reviewed. 

Cbamitin (39) and Bodansky (19) did demonstrate that a certain amount of 
creatine could be made to accumulate in the livers and kidneys of animals after 
administration of creatine. Bodansky (18) observed similar accumulation 
in the kidneys of rats after administration of guanidoacetic acid. Fisher and 
WUhelmi (59) analyzed both the hearts and perfusates of rabbits’ hearts per- 
fused with various solutions. By this means they found that arginine and 
guanidoacetic acid (48) contributed to creatine. Meanwhile some suggestive 
evidence had accumulated that glycine might also contribute. 

The first definite information on the subject, however, was secured by Bloch 
and Schoenheimer (16) by analyzing for N' s creatine from the tissues of rats 
which had received nitrogenous compounds containing the nitrogen isotope. 
When N ,s was given in di-tyrosine, leucine, urea or small amounts of ammonia, 
almost none was found in creatine. When, however, large amounts of isotopic 
ammonia or even small amounts of isotopic glycine were given, the concentra- 
tion of N u in tissue creatine was high. Furthermore, ammonia contributed 
its N iS to the amidine group, while glycine contributed its N 15 chiefly to the 
sarcosine group, of the creatine molecule. Sarcosine was as effective a creatine 
precursor as glycine. The most active of all the compounds tried proved to 
be guanidoacetic acid. About the same time Borsook and Dubnoff (24) re- 
ported that liver slices synthesized creatine from guanidoacetic acid in vitro 
and that this reaction was accelerated by the addition of methionine, an ob- 
servation that was confirmed by Bodansky, Duff and McKinney (20). The 
derivation from arginine of the amidine group of creatine was established by 
Bloch and Schoenheimer (17) in a continuation of their isotope experiments 
and was confirmed by Borsook and Dubnoff (25) with kidney slices. It re- 
mained for du Vigneaud and his associates (214, 216) to prove that the methyl 
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group could be provided by methionine. Choline and other donors of labile 
methyl groups can serve the same purpose (196). 

The origin of the various components of creatine is illustrated in figure56. 
Creatine can not donate its methyl, in return, to other compounds (215) 
once attached to creatine the methyl group loses its lability (see also chapter 
on Amino Acids). 

From Arginine NH» y ' 

HN — C From Glycine 

A" 

✓ " NH COOIl 



CH. 

From Methionine 
FlO. 56. The origin of creatine 

The site of formation of creatine 

The synthesis of creatine iniilro has been accomplished with no other tissues 
except liver and kidney (8, 20, 25, 26). According to Borsook and Dubnoff 
(25) only the kidneys can utilize arginine, converting it to guanidoacetic acid, 
from which the liver can form creatine They have demonstrated guanido- 
acetic acid in the blood and urine of men (27). The kidneys, however, appear 
to be able to complete the synthesis of creatine (8, 26). Skeletal muscle, heart, 
and a number of other tissues appeared to be quite inactive (8, 25). This is at 
variance with Usher and Wilhelmi’s (59) experience with the perfused heart, 
mentioned above. As Baker and Miller (8) have remarked, muscle contains 
such large quantities of creatine that small increments might escape detection. 
It is, however, probably safe to conclude that synthesis of creatine, if it does 
occur in muscles, proceeds far more actively in the liver and kidneys. 

The origin of creatinine. It has long been presumed that creatinine was 
physiologically, as well as chemically, related to creatine. Since administered 
creatinine was largely recovered in the urine, while creatine was not, it was 
believed that creatinine represented the excretory end-product of creatine 
metabolism; but direct evidence for this view’ was scanty because administration 
of creatine has so little effect upon the excretion of creatinine. The problem 
was finally solved by Bloch and Schoenheimer (15). When they gave rats 
creatine containing isotopic nitrogen, no appreciable amounts of N 15 were 
found in any compounds other than creatine and creatinine. Furthermore, 
the ratio of isotopic creatinine to normal creatinine in the urine was the same 
as the ratio of isotopic creatine to normal creatine. The urinaiy creatinine, 
therefore, must have been derived chiefly, if not entirely, from tissue creatine. 
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The concentrations and distribution of creatine and creatinine in 
the blood and tissues 

The concentrations of creatine and creatinine in whole blood. So non-specific 
is the Jaffe reaction for creatinine, which has been almost the sole resource 
of the analyst, that there have been continuous uncertainty and controversy 
concerning the concentrations of both creatinine and creatine in blood. Behre 
and Benedict (9) at one time, indeed, questioned the very existence of creatinine 
in blood. Since then Gaebler and his associates (69, 70) and Linneweh (124) 
have isolated it from blood in amounts approaching those indicated by the 
Jaffe reaction. Langley and Evans (118) and Miller and Dubos (144) found 
that of the chromogenic material in normal blood all of that in the serum and 
about half of that in the cells gave the color reactions of creatinine not only 
with alkaline picrate, but also with dinitiobenzoate. Furthermore, by an 
enzyme which acted specifically upon creatinine, Miller and Dubos (145) found 
that 80 to 100 per cent of the chromogenic material in plasma and 30 to 50 
per cent of that in cells of normal persons is creatinine. In the plasma of pa- 
tients with advanced renal insufficiency only 70 to 80 per cent of the chromo- 
genic material was destroyed like true creatinine by the enzyme. If all the 
chromogenic material measured in blood by the Jaffe reaction is credited to 
creatinine, the concentration of this compound in normal blood is from 1 to 2 
mg. per 100 cc. (58, 86). The concentration of true creatinine indicated by 
the enzymatic method of Miller and Dubos (145) is only about half as great. 

Creatine is measured by the Jaffe reaction after it has been converted to 
creatinine by heating in acid solution. Its measurement in blood, therefore, is 
subject to the same chemical objections as that of creatinine. In addition 
the acid and heat may, especially in cells, give rise to more non-specific chromo- 
genic material. By the Jaffe method the concentration of creatine in the blood 
of normal individuals in the postabsorptive state has been found by various 
observers to vary from 1.5 to 7 mg. per 100 cc. (86, 102, 127, 213, 222). The 
great variability may depend upon the unequal distribution of creatine between 
cells and serum, which is mentioned below. By a specific enzymatic procedure 
Baker and Miller (7) found that a considerable proportion ol the material in 
whole blood that gives the Jaffe reaction is not creatine. 

The distribution of creatine and creatinine between the cells and serum of blood. 
The creatinine of blood is ultrafiltrable (11, 69); it diffuses into the blood cells 
(107, 211), albeit far more slowly than urea does (211), and, according to most 
observers, is distributed between cells and plasma in proportion to the water 
content of the two media (64, 102, 169, 222, 226). Although Miller and Dubos 
(144, 145) by a spectropbotometric dinitrobenzoate method and by their 
specific enzyme were able to identify as creatine only 30 to 50 per cent of the 
material in cells which gives the Jaffe reaction, they verified the uniform dis- 
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tribution of creatinine throughout the water of cells and plasma. By the 
enzymatic technique Allinson (5) found 0.62 to 1.02 mg. per cent of creatinine 
in the serum of 9 normal individuals and 0.52 to 0.65 mg. per cent in the cells 
of 2 normal persons. Corrected for the differences of water in the two media, 
these figures are not dissimilar. Tierney and Peters (208) by the photometric 
adaptation of Folin’s method found values of 0.9 to 1.7 mg. per cent of creatinine 
in the plasma of normal individuals in the postabsorptive state. 

Creatine appears to reside predominantly in the cells of blood. Because 
of the small amounts found in plasma and the uncertain specificity of analytical 
methods, many workers questioned its occurrence in the plasma of normal 
adults (33, 102, 103, 166, 222, 226). Others, however, claimed that plasma 
always contains minute amounts. This has now been established by Allinson 
(5) who found by the enzymatic method of Miller and Dubos 0.20 to 0.62 mg. 
per cent in the sera of 9 normal individuals. Tierney and Peters (208), using 
Peters’ (162) photometric adaptation of Folin’s method, found quantities of 
the same order of magnitude: in males 0.17 to 0.58 and in females 0.35 to 0.93 
mg. per 100 cc. The blood cells, which can not be analyzed by the photometric 
method, contain higher concentrations. In the blood of two normal persons 
Allinson (5) by the enzymatic technique found 2.9 and 3.3 mg. per cent of 
creatine. 

Creatine and creatinine in other body fluids. Since data on the concentrations 
of creatinine in body fluids other than the blood are all based on measurements 
of chromogenic material by the Jaffe reaction they may be subject to correction 
in the future. The concentrations of chromogenic material per unit of water 
in lymph (90) and in transudates (144, 169) are the same as those in plasma. 
As the Jaffe method measures creatinine with satisfactory accuracy in normal 
plasma it may be inferred that this substance diffuses freely through the capil- 
lary walls. In spinal fluid, on the other hand, the concentration of creatinine 
has been reported distinctly lower (43, 64, 74, 139, 150, 153), the ratio of its 
distribution between spinal fluid and serum sometimes falling as low as 0.5 (43, 
153), The concentrations of creatinine measured by Miller and Dubos (145) 
with their specific enzyme are of the same order of magnitude as the concen- 
trations in serum. It is not clear, however, that Miller and Dubos compared 
sera and fluid taken simultaneously from the same individual. 

Since the concentrations of chromogenic material in maternal and fetal 
bloods at birth have been found to be identical it has been inferred that the 
placental membranes are freely permeable to creatinine (103). 

Creatinine appears in sweat (190), in all the secretions of the gastrointestinal 
tract and in bile. In these digestive secretions, according to Hessel, Pekeiis 
and Meltzer (93, 94, 95), it is less concentrated than it is in serum. Williams 
and Dick (221) have detected it in feces. 

Creatine and creatinine in tissue cells. It is usually asserted that creatinine 
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is evenly distributed throughout the water of all tissues; but there is no al- 
together satisfactory evidence to substantiate this assertion- By means of 
the specific enzyme of Miller and Dubos, Baker and Miller (7) found in the 
tissues of rats concentrations varying from 4.7 to 0.1 mg. per 100 grams, 
following rather closely the concentrations of creatine. This suggests that 
there is some inter-relationship in the tissues between these two compounds. 

In most tissue cells the major portion of the creatine undoubtedly exists 
as creatine phosphate, which may help to immobilize it in these cells, permitting 
it to be held in enormously greater concentration than it ever attains in extra- 
cellular fluids. No such combination, however, immobilizes it in red blood 
cells which, it is generally agreed, do not contain creatine phosphate (1). The 
red blood cell membrane appears to be quite impervious to creatine when this 
is added (107). According to Eggleton (53), however, creatine can diffuse 
through the membrane of the muscle cell. 

The chief repositories of creatine in the body are the voluntary muscles 
(111, 180). There are large amounts in testis and heart, somewhat less in 
brain, and small quantities in other organs and tissues. In these miscellaneous 
tissues, and more especially in the liver, Baker and Miller (7) found much 
material that gave the Jaffe reaction, but resisted the action of their specific 
enzyme which decomposes creatine. Tested by this enzyme the livers of rats 
and a dog proved to contain only about 6 mg. per cent, although the Jaffe 
technique indicated 47 to 54 mg. per cent. In the liver of a monkey they 
found considerably more, 40 mg. per cent, but it would be premature to inter- 
pret this as evidence of a characteristic species distinction. 

The excretion of creatinine and creatine 

The excretion of creatinine by the kidneys. It was early discovered that the 
ratio of the concentration of creatinine in urine to that in serum was greater 
than the corresponding ratio of any kn<?wn naturally occurring substance. 
This led Rehberg (173) to suggest that creatinine was filtered through the 
glomeruli and concentrated in the tubules without being either reabsorbed or 
supplemented by secretion. In this case the clearance of creatinine (see 
chapters on Urea and Water) would be a measure of the rate of glomerular 
filtration. That creatinine is filtered into the glomerular fluid of amphibians 
was demonstrated by direct comparison of this fluid with serum by Richards, 
Walker et a! (175). In the dog and some other mammals there is reason 
to believe that it is excreted by filtration alone (194). It would be hard on 
any other theory to explain the exact equality of the clearances of inulin, 
creatinine (176, 193) and ferrocyanide (210) in these animals (197). In man 
(192) and the higher anthropoid apes (198), however, clearances of creatinine 
definitely exceed clearances of inulin and of ferrocyanide (146). For this and 
other reasons it must be admitted that a certain proportion of creatinine 
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is contributed to the urine of man by secretory activity of the renal tubule 
cells (197). 

In studies of creatinine clearances Rehberg (173) gave enough creatinine 
to raise its concentration in the plasma to 5 or 10 mg. per cent in order that it 
might be measured with some degree of accuracy. Tilts procedure has been 
adopted by most observers. In dogs (211) varying the concentration of plasma 
creatinine does not affect its clearance. In man Miller and Winkler (147) 
using the specific enzyme method of Miller and Dubos (145), found that the 
“endogenous” creatinine clearance (measured without administration of 
creatinine) of normal subjects is usually smaller than the exogenous clearance. 
Often, indeed, it did not significantly exceed the inulin clearance. When the 
plasma creatinine was raised to 5 or 10 mg. per cent by the administration of 
creatinine the clearance rose to about 50 per cent above the inulin clearance, 
suggesting that tubular secretion is not thoroughly activated unless the plasma 
contains more than the usual amounts of creatinine. In keeping with this 
hypothesis in patients with advanced nephritis and elevated serum creatinine 
“endogenous” and “exogenous” clearances did not differ; both were about 50 
per cent higher than inulin clearances. This is an added reason for raising 
the concentration of plasma creatinine before measuring its clearance. If this , 
precaution is not observed the procedure can not be used as a direct measure 
of the comparati\e function of the kidneys of normal and nephritic subjects. 

The normal clearance of creatinine under standardized conditions, at average 
rates of urine flow, varies from 86 to 232 cc. per minute, averaging about 148 
(34, 45, 55, 89). This variability is diminished if consideration is given to the 
size of subjects by relating clearances to surface area (98). The clearance 
is but little affected by urine volume, although it has a detectable tendency to 
rise at unusually high rates of flow and to fall with extreme oliguria (14, 42, 119, 
192, 223). It may also fluctuate when the rate of diuresis varies widely (192). 

It seems to be influenced by the concentration of creatinine in the plasma only 
if this is suddenly altered (49, 223). Measurement of a clearance must not be 
instituted, therefore, until an interval has elapsed after the administration of 
creatinine. 

Although the creatinine clearance is not an exact measure of glomerular 
filtration, it ordinarily parallels quite closely the clearances of inulin and of 
other substances which do measure filtration (192) and at average urine volumes 
bears a fairly constant relation to the urea clearance. The ratio, urea clear- 
ance: creatinine clearance, is usually about 0.60, varying from 0.4 to 1.10 (34, 
45, 89). In extreme diuresis the ratio becomes larger, in extreme oliguria 
when the urine is highly concentrated it becomes smaller, because the urea 
clearance is more subject to the influence of urine volume (14, 99). In certain 
diseases also these relations may be distorted. With the impression that 
creatinine clearances measure glomerular filtration attempts have been made 
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to interpret these disturbances and variable relations between the creatinine 
clearances and other functions of the kidney, notably diuresis, in terms of 
filtration and reabsorption (13, 99, 100). Since creatinine is partly secreted 
these interpretations can not be accepted at their face value. The general 
parallelism of clearances of urea, various sugars, creatinine and inulin suggests 
that all give gross information concerning the general order of magnitude or 
the filtration rate under most circumstances. 

The excretion of creatine by the kidneys. It was early suggested by Wilson 
and Phss (166, 222) and Hunter and Campbell (103) that the absence of crea- 
tine from the urine of most adults could be attributed to its absence from blood 
plasma. Its presence in the urine of infants (103, 222) and of women during 
the puerperium (103, 166) they connected with its appearance or with increases 
of its concentration in plasma. This hj'pothesis has been substantially verified 
by Tiemey (208), Grossman (79) and others in the author’s laboratoiy. 
Creatine is not entirely lacking in the plasma of adult males, but its concen- 
tration does not exceed about 0.6 mg. per cent. So long as it remains lower 
than this no demonstrable quantities of creatine appear in the urine. If it 
rises higher spontaneously or is raised higher than this by administration of 
creatine, creatine is excreted in the urine. The degree of creatinuria depends 
upon the concentration of creatine in excess of about 0.6 mg. per cent in the 
plasma. At concentrations of serum creatine encountered under natural 
conditions or after administration of moderate amounts of creatine, clear- 
ances of creatine tend to increase with serum creatine. With serum creatine 
below 3.3 mg. per cent the clearance of creatine never exceeded 100 cc. per 
minute. Since it presumably enters the glomerular filtrate, it is evidently not 
added to the urine by secretion under ordinary circumstances, but is reabsorbed 
from the tubular urine. The proportion reabsorbed must diminish as its 
concentration in serum increases. Pitts (164) studied the excretion of creatine 
by dogs and men after the administration of large doses of the compound. He 
found that when its concentration in the plasma was extremely high its clear- 
ance approached that of xylose. As its concentration in the serum diminished 
the clearance fell to approach zero at low concentrations. 

THE FORMATION, UTILIZATION AND EXCRETION OF CREATINE AND CREATININE 
The fate of ingested or injected creatinine. If large doses of creatinine are 
administered orally or parenterally to animals or man, the concentration of 
creatinine in the blood plasma and its excretion in the urine rise sharply. For 
this reason it has been generally assumed that creatinine is a waste product of 
metabolism, destined to no end but elimination by the kidneys. Nevertheless, 
creatinine administered orally to man or animals has never been completely 
recovered in the urine (15, 63, 67, 75, 209). Dominguez and Pomerene (51a) 
recovered only 50 to 75 per cent of ingested creatinine in the urine of normal 
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men. On the other hand, of similar doses injected intravenously 96 percent 
was excreted in the urine within 24 hours. They concluded that a considerable 
fraction of the compound, when given by mouth, is cither destroyed in the gut 
or excreted in the feces. They recovered about 25 i«r cent of an ingested dose 
in the discharge from an ileostomy patient. 

Others have not been so successful in recovering injected creatinine. When 
Bloch and Schoenheimer (15) injected isotopic creatinine into rats, 75 per cent 
of the N 14 appeared in the urine, entirely in creatinine; the remaining 25 per 
cent could not be found in cither tissues or urine. This precludes the possi- 
bility that a fraction of creatinine may undergo reversible transformation to 
creatine in the body. The creatinine which can not be recovered in the urine 
may be excreted in the feces. Its presence in feces has been noted above. 
Bodansky, Duff and McKinney (20) believe that both creatine and creatinine 
are destroyed in the gut by bacteria. If this were the case some of the isotopic 
nitrogen in Bloch and Schoenheimer’s experiments should have found its way 
to the urine in other nitrogen-containing compounds then creatinine. In fact 
Gamble, McKhann, Butler and Tuthill (72) and Benedict and Ostcrberg (11) 
found enough extra urea in the urine to account for creatinine that was not 
recovered after they had administered, respectively, creatinine to rats and 
creatine to man. 

The fate of ingested or tujccled creatine and creatine precursors. If creatine is 
ingested by or injected into animals or into adult human males, only a fraction 
appears in the urine; the larger part is not excreted by the kidneys (208). 
After single doses of the compound no increase of urinary creatinine can be 
demonstrated (12, 66, 71, 83). After prolonged feeding of large amounts of 
creatine extra creatinine has been recovered in the urine (11, 37, 38, 40, 41, 75, 
103a, 131, 181, 182, 191). Rose, Ellis and Helming (182) fed creatine to two 
normal adults, a man and a woman, daily for a long period. After about two 
weeks urinary' creatinine increased to reach a maximum which was maintained 
throughout the remaining seven weeks during which creatine was given. 
After administration of the substance was discontinued the creatinine excretion 
fell to the normal rate only gradually over a period of some weeks. Altogether 
creatinine equivalent to about 30 per cent of the creatine was recovered in the 
urine of both subjects. The woman in addition excreted about 15 per cent 
as creatine, while the man had no appreciable creatinuria. These observations 
have been corroborated by Chanutin (40) and by Hyde (100a). 

Chanutin and his associates (38, 39, 41) showed that after the administration 
of large amounts of creatine the muscle creatine of rats and mice increased 
rapidly for about a day, after which it remained constant even if the kidney's 
were removed. It also accumulated in the liver and kidneys. When the 
feeding of creatine was discontinued the extra creatine rapidly* disappeared 
from the liver and all other tissues except the muscles, which retained their 
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surplus for considerable periods. Chanutin (39) concluded that muscle 
creatine probably came from endogenous sources, not from the preformed 
creatine which the animals received. This view is untenable since Bloch and 
Schoenheimer (15) in the experiments cited earlier demonstrated isotopic 
creatine in the muscles. They found, however, that the turnover of muscle 
creatine was extremely constant and unaffected by the creatine given, remain' 
ing always equivalent to the creatinine excretion. This would suggest that 
when exogenous creatine is given endogenous production of creatine is propor- 
tionally retarded or inhibited, so that the actual quantity of creatine in the 
body and the amount destroyed remain constant. This appears to be equally 
incompatible with the facts, since the amounts given have in some instances, 
exceeded the quantities excreted as creatinine. 

The fate of creatine precursors. There can be no doubt that glycine, arginine 
and guanidoacetic acid form creatine in the normal animal. It is however 
as difficult with these substances as it is with creatine to provoke creatinuria, 
to increase tissue creatine in normal animals, or Vo increase urinary creatinine. 
When Bloch and Schoenheimer (16, 17) gave isotopic glycine, guanidoacetic 
acid or arginine to animals they found the N ,s from these compounds in creatine, 
but they found no excess of creatine or creatinine. The immediate reaction 
is to infer that these exogenous materials were substituted for endogenous 
materials that would otherwise have been used to form creatine, to conclude 
that the overall production of creatine is limited and constant. Stetten (202), 
however, showed that if large enough amounts of guanidoacetic acid are given 
to animals they develop fatty livers because the choline required for production 
of lecithin is robbed of its methyl groups to form creatine. 

There seems no escaping the conclusion that there must be other channels 
for the disposition of creatine and creatinine than elimination as creatinine in 
the urine. These appear to be so regulated that the fraction which is excreted 
as creatinine is ordinarily remarkably constant. Since the quantities of both 
creatine and creatinine excreted in the urine appear to be related to their 
concentrations, it may be more precise to enquire how, if the formation of 
creatine is so extremely variable as it seems to be, the concentrations of both 
creatine and creatinine in blood plasma remain so unchangeable. Although 
administered creatinine can not be completely recovered in the urine, the 
greater part of a dose admipistered by mouth or by injection is excreted by the 
kidneys. It is, therefore, hard to conceive that creatinine excretion could 
remain so constant if all of the variable amounts of creatine produced in me- 
tabolism have no choice but to become creatinine. It seems more likely that 
the amount of creatine converted to creatinine is relatively constant and that 
creatine in excess of this is disposed of in some other manner. 

The constancy of creatine-creatinine excretion and the creatinine coefficient. 
In the adult male, it was shown by Shaffer (191), the daily excretion of treat- 
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mine is constant over long periods, not only under standard conditions, but 
under the most varied circumstances. It is little affected by diet, exercise (101) 
or large variations of urine volume (138). Apparently the creatinine excretion 
is characteristic for a given individual in health (61, 62) and is determined 
chiefly by his size (87, 97, 191). Because of this relationship the daily excretion 
of creatinine is often used to check the accuracy of 24-hour urine collections. If the 
urinary creatinine varies greatly from day to day or if it deviates much from 
its normal relation to the size of the subject under investigation it may be in- 
ferred that errors have been made in the collection of urine specimens. 

The creatinine coefficient , that is the ratio, milligrams of creatinine in 24-hour 
urine :body u eight in kilograms, averages 20 to 26 in normal men and 14 to 22 
in women (87, 160, 167). In terms of creatinine-nitrogen these values are 
equivalent to 7.5 to 10 mg. of N per kilo for men and 5 to 8 for women. 

There is evidence to suggest that the creatinine coefficient i3 actually more 
closely correlated with the active muscle mass than with body weight. Me- 
Clugage, Booth and Evans (140) found that the daily urinary creatinine of 
obese people was small in proportion to their actual weight, but normal in 
proportion to their ideal weight. When the weight of such subjects was re- 
duced by dietary measures the creatinine excretion remained unchanged. 
On the other hand persons who were underweight had abnormally low creatinine 
coefficients. Daniels and Hejinien (47) and Talbot (203) have suggested 
that the creatinine coefficient he used as an index of the nutritional state of 
children. Hodgson and Lewis (97) claim that the difference between the 
creatinine coefficients of males and females is not in the strictest sense a sex 
characteristic, but is connected with the relative muscular development of the 
two sexes. In a group of women with unusual muscular de\elopment they 
observed creatinine coefficients of the same order of magnitude as those usually 
obtained in males. 

Crealinuria and the creatinine coefficient. Creatine is not ordinarily found 
in appreciable quantities in the urine of adult males and of most adult females 
(163, 208). Some normal women exhibit slight crealinuria either constantly 
or at intervals (50, 141, 178, 208); in infants and young children creatine is a 
regular constituent of the urine (65, 71, 87, 179). The creatinine coefficients 
of subjects with these states of physiological crealinuria are usually lower than 
those of adult males without creatinuria. This has led to the impression that 
the sum of creatinine + creatine nitrogen is more constant than either fraction 
alone and more directly related to body size. Shaffer (191) and Marples and 
Levine (136) found that the total creatinine coefficient , that is the ratio, milli- 
grams of creatine ( estimated as creatinine) + f. reformed creatinine: body weight 
in kilograms, in subjects with physiologic creatinuria had the same magnitude 
that the creatinine coefficient has in normal adult males. Catherwood and 
Steams (36) did not find such good correlation: creatine was far more variable 
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than creatinine and this variabih'ty was evident in the total creatinine co- 
efficient. They concluded that urinary creatinine was proportional to muscle 
mass, while urinary creatine was an expression of some metabolic peculiarity. 
Talbot (203) considers that creatinine excretion bears the same relation to 
muscle mass in infants that it does in adults, but that the creatinine coefficient 
is lower in the former because muscle makes up a smaller proportion of the 
body in infancy. In premature infants (137) and in the earliest days of life 
(133, 136) the urine contains but little creatine. In the same periods of life 
creatinine coefficients are abnormally low. Marples and Levine (137) have 
found that at this time the creatinine excretion can be increased by the ad- 
ministration of extra protein. 

During the first month of life both creatinuria and creatinine coefficients 
gradually increase. In adolescence creatinuria diminishes, to disappear com- 
pletely in the male, persisting to a slight degree in a certain proportion of fe- 
males. Light and Warren (122) observed creatine with some frequency in the 
urine of boys 14 to 19 years old. In these boys preformed creatinine co- 
efficients were more constant than total creatinine coefficients. The creatin- 
uria increased with activity, disappeared when the boys were confined to bed 
with mild illnesses, reappeared sharply when they were allowed up again. It 
could also be eliminated by administration of ephedrine sulfate (123). The 
creatine appeared not to be derived at the expense of the normal creatinine, 
but to be superadded to this in consequence of some physiological peculiarity. 

The creatinuria of normal woman is not directly related to the low creatinine 
coefficient of the average female (97, 103a). Creatinuria was no less common 
in the group of physical education students than in other groups of normal 
women studied by Hodgson and Lewis (97). 

The nature and causes of creatinuria 

It has been widely assumed that the excretion of creatine in the urine de- 
notes that the muscles can not retain or utilize this substance in the normal 
manner, neglecting the fact that it has not been proved that the muscles are 
solely responsible for the metabolism of creatine. From the evidence thus far 
presented there appears to be some relation between the musculature and the 
moiety of creatine which is converted to creatinine; but no such clear relation 
can be established between the musculature and the fraction of creatine that is 
excreted unchanged. Creatine is found in the urine of exceptionally muscular 
women with high creatinine coefficients; it is not found in the urine of normal 
but poorly developed adult males with relatively low creatinine coefficients. 

The effect of ingested creatine on blood serum and urine. It has been asserted 
above that the urine of normal adult males and of the majority of normal adult 
females contains no creatine. Until analytical methods are further refined it 
will be impossible to prove such an assertion in an absolute sense. It can be 



910 


PROTEIN METABOLISM 


stated, however, that the urine of the normal adult male does not contain 
sufficient creatine to be demonstrated by available methods. In an extensive 
experience the author and his associates (162, 163, 208) have invariably been 
able to trace to analytical errors the discovery' of creatine in quantities of the 
magnitude reported by Dill and Horvath (51) and Albanese and Wangerin (4). 
Analyses of the serum have revealed that creatine is excreted in the urine only 
when its concentration exceeds about 0.6 mg. per cent. Normally in adult 
males it remains below this value, but in a certain proportion of females it lies 
higher even in the postabsorptive state. This accounts for 3 large proportion 
of the spontaneous creatinurias of women. 

After administration by mouth of 1 gram of creatine the concentration of 
creatine in the blood plasma rises sharply to reach a peak after 30 to 60 minutes. 
The maximum is usually higher in females than in males. A more striking 
difference between the sexes, however, is the longer duration of the hyper- 
creatinemia in the female. In males, at the end of 3 hours the plasma creat- 
inine has returned to or nearly to normal, to concentrations at which creatine 
is not excreted in the urine. In the female at this interval it is still distinctly 
above its initial postabsorptive level, in the range in which creatinuria is still 
to be expected. This is true even of women who ordinarily excrete no creatine 
in the urine and whose postabsorptive plasma creatine is below 0.6 per cent. 
In keeping with this the urine excreted by' males during the 3 hours contains 
only traces of creatine, only about 2 per cent of the administered dose, while 
females excrete more than 15 per cent of the dose. The quantity of creatine 
excreted by the women is roughly related to the concentrations of creatine in 
the plasma during the period over which the urine is collected, but not to its 
initial concentration in the plasma. These relations are graphically illustrated 
in figure 57, from data of Tierney’ and Peters (208). The description of the 
reaction to ingestion of creatine is taken from these data, supplemented by 
others that have been collected subsequently (79, 163, 172). 

Judging by the rapid initial rise of plasma creatine the compound must be 
absorbed with facility that differs little in the two sexes. Both men and women 
dispose of the extra creatine chiefly by some other process than excretion by the 
kidneys, a process that is more active in the male than in the female and, in the 
latter, is subject to extreme individual variations. 

The rise of plasma creatine is accompanied by no increase of creatinine in 
either plasma or urine. It is, therefore, hard to believe that the unrecovered 
creatine is converted to creatinine In the experiments of Rose, Ellis and 
Helming (182) on the prolonged ingestion of creatine both the man and the 
woman excreted approximately equal proportions of the extra creatine as 
creatinine; but the woman excreted an extra amount as creatine, while the 
man did not. The female seems to be quite as able as the male to convert 
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creatine to creatinine, lint, for some reason, appears to have less capacity to 
metabolize or to dispose of creatine. 

If sufficient creatine is introduced into the body rapidly enough to raise the 
plasma creatine, it finds its way into the urine of both sexes. The difference 
between the two sexes lies in the speed with which they dispose of the creatine 
by extrarenal processes. In this respect even the woman who does not exhibit 
spontaneous creatinuria is far less efficient than any normal man. After an 



Fie. 57. The course ol plasma creatine aiter the oral administration of 1 gram of creatins 

in the postabsorpUve state. A. Normal persons: x - ■ ■ > x males. females 

B. Hyperthyroid patients- x x males. females. From Tierney and Peters 

(20S). 

ordinary breakfast the creatine in the plasma and urine of adult males does not 
rise delectably, although such a breakfast may contain some creatine and 
creatine precursors (163). Presumably creatine is absorbed or formed from 
such a meal in quantities and at rates so small that it never accumulates ap- 
preciably in the blood. In women with a less efficient mechanism for its dis- 
posal, even when it is absorbed relatively slowly and in small quantities, 
sufficient creatine may accumulate in the plasma to provoke creatinuria. 
Grossman (79) did not induce creatinuria in males by the intravenous injection 
of a protein hydrolysate equivalent to 75 grams of protein, containing creatine 
precursors in a readily available form. 



912 


rROTCE? METABOUSM 


. It has been claimed that creatinuria will appear after exceedingly large 
amounts of meat, which contains preformed creatine as well as creatine pre- 
cursors. Eimcr (54), lor example, detected creatine in the urine of normal 
adults who took more than 200 grams of protein daily, although lesser amounts 
had no effect. The urinary excretion of creatine is not unconditioned. Boll- 
man (22) found that when creatine was given perorally or by injection to dogs 
subsisting on low protein, creatine-free diets, creatinuria resulted; but urinary 
creatinine remained unchanged. When large amounts of casein were added 
to their diets these dogs, subjected to the same treatment, excreted less creatine, 
but more creatinine. 

The nature of physiological and pathological creatinuria. Sharp distinctions 
have been drawn between the reactions of subjects who exhibit no spontaneous 
creatinuria, those who have physiological creatinuria (that is creatinuria with- 
out evidence of disease) and those who have pathological creatinuria. It has 
been held that in physiological creatinuria the creatine of the urine is derived 
at the expense of creatinine— that is, the total creatinine, creatine + creati- 
nine, of the urine has the same relation to the muscle mass of the body that 
preformed creatinine has in subjects without creatinuria. In pathological 
creatinuria, on the other hand, preformed creatinine is supposed to be excreted 
in normal or only slightly reduced quantities; the creatine is believed to be 
excreted in addition to the creatinine which might ordinarily be expected to 
appear in the urine. Physiological creatinuria is also said to be affected little 
or not at all by the administration of creatine and its precursors, which exagger- 
ate pathological creatinuria. These generalizations are not supported by the 
facts that have been already cited. If there is a distinction between physio- 
logical and pathological creatinuria it is quantitative, not qualitative. 

In women with physiologic creatinuria administration of moderate amounts 
of creatine appears to have as little effect on the total creatinine of the urine 
as it does in persons who ordinarily excrete no creatine (182, 225). The female 
subject studied by Rose, Ellis and Helming (1S2) began to eliminate extra 
creatinine in her urine no earlier than did the male subject. When 
creatinuria did increase, it increased no more in the female than in the male. 
The former, how ever, excreted in addition a portion of the creatine unchanged. 
Marples and Levine (136) recovered in the urine of normal infants 55 to 65 per 
cent of an ingested dose of creatine within 24 hours, 63 to S3 per cent in 48 
hours; but urine creatinine remained unchanged. 

Pathological creatinuria has been defined by Richardson and Shorr (177) 
as a condition: (a) in which more than 50 to 60 mg. of creatine appears in the 
urine in 24 hours under ordinary conditions of activity and diet; (b) in which 
more than 30 per cent of an ingested dose of 1 32 grams of creatine (equivalent 
to 1.00 gram of creatinine) is excreted in the urine in the succeeding 24 
hours; (c) in which the preformed creatinine coefficient is low. They con- 



CREATINE AND CREATININE 


913 


sider that any creatinuria with these dimensions betokens a fundamental 
disturbance of muscle metabolism. MQhorat (142, 143) and others have 
attached equal importance to these phenomena, especially the creatine tolerance 
test. Yet, according to these criteria the normal infants studied by Marples 
and Levine (136) would be convicted of pathological creatinuria. 

Differential diagnostic significance has also been attached to increases of 
creatinuria after the administration of glycine; but this again appears to have 
no specific significance. The creatinuria of infants can be definitely exagger- 
ated by glycine (136). Adams, Power and Boothby (2, 3) claim that almost 
all creatinurias are similarly affected. 

The line between physiological and pathological creatinuria can not, there- 
fore, be defined with the precision that Richardson and Shorr imply. Never- 
theless, in a grosser sense the distinction seems to be justified by observed facts 
and serves a useful purpose. 

Creatinuria and carbohydrate metabolism. Creatinuria is regularly provoked 
by starvation (10). Its appearance seems to depend on the absence of carbo- 
hydrate from the diet. Vinokurov and Trotskil (217) claim that ingestion of 
large amounts of meat induces creatinuria in normal adults only when their 
carbohydrate stores have been depleted. This may explain the appearance 
of creatine in the urine of males after exercise in the postabsorptive state (84). 
Brentano (31) and others claim that creatinuria is always associated with de- 
ficiency of glycogen in muscles and liver. Schauf (183), in support of this 
theory, found that in patients with creatinuria blood lactic add rose less than 
usual, while blood ketone bodies rose more, after injections of adrenalin. It is 
presumed by these authors that when muscle glycogen is deficient creatine 
phosphate becomes depleted and the creatine thereby released finds its way 
into the urine. More fundamental and extensive investigation is required to 
establish this thesis. 

Summary. The following tentative hypothesis, illustrated diagrammatically 
in figure 58, is suggested to explain the facts at present available, with full 
appreciation of the necessity fora new appraisal of the whole subject of creatine 
metabolism in the light of recent discoveries by more accurate techniques, 
induding analyses of plasma. The union of arginine and glycine to form 
guanidoacetic acid, which is converted to creatine by the addition of a methyl 
group from methionine, choline or some other methyl donator, has been estab- 
lished. This synthesis occurs chiefly in the liver from which the creatine is 
presumably discharged into the blood stream. Of this creatine a necessary 
and ordinarily constant amount is taken up by the muscles to form creatine 
phosphate. This is as constantly deteriorated to creatinine, the major part 
of which is excreted in the urine. A fraction probably finds its way into the 
gut to.be excreted; some may be destroyed in the body. The quantity of 
creatine that enters the rausdes is, within wide limits, independent of the 
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supply of creatine, although it can be increased by prolonged administration 
of large quantities of the compound. No other hypothesis is consistent with 
all the available facts: (I) the limited amounts of creatine taken up by the 
muscles after administration of large quantities of the compound; (2) the 
limited effect of the same procedure upon the excretion of creatinine; (3) the 
proportionate distribution of N ,s between creatine and creatinine after ad- 
ministration of isotopic creatine or creatine precursors; (4) the close correlation 
between the excretion of creatinine and the size of the muscle mass. Creatine 
over and above this constant amount taken up by the muscles is destroyed or 



known. If these processes are retarded or if creature is produced or supplied 
at an excessive rate, creatine accumulates in the blood and extracellular fluids. 
If its concentration in the blood plasma rises above about 0.6 mg. per cent it 
appears in the urine. The processes for the disposal of creatine are always less 
active in women and children than they are in male adults. 

This hypothesis identifies with the muscular S3 - stem, not the creatine that 
may appear as such in the urine, but the creatine that is excreted as creatinine. 
This is the fraction that appears to be correlated with the muscular mass. It is 
this fraction that should vary if the intramuscular metabolism of creatine is 
disturbed. If the muscular utilization of creatine was diminished for 3ny 
reason creatine might accumulate in the blood plasma, but this accumulation 
would be accompanied by a corresponding reduction of the excretion of creat- 
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inine. Creatinuria in the presence of a normal creatinine excretion would 
indicate not a deficiency of muscular function, but some incompetence of the 
other processes for the disposal of creatine. It is conceivable that either the 
muscular utilization or the extramuscular disposal of creatine could become 
unduly accelerated. This should lead to the excretion of unusually large or 
small quantities of creatinine respectively, without creatinuria. As yet no 
disorders of this kind have been recognized. 

No study of creatine metabolism can be interpreted without careful con- 
sideration of the striking influences of age and sex upon the disposal processes. 

CREATINE AND CREATININE IN DISEASE 
Diseases and disorders of the kidneys 

Blood and plasma creatinine in renal disease. Since Miller and Dubos (145) 
found that substances other than creatinine which give the Jaffe reaction are 
especially prone to accumulate in the plasma in nephritis, data on the concen- 
trations of creatinine in the blood in renal disease must be accepted with reserva- 
tions. Nephrectomy in dogs is followed by a rise of blood creatinine (70). 
Creatinine does not, however, accumulate in the blood of patients with anuria 
as rapidly as might be expected if it was produced at the usual rate and if all 
that would normally have appeared in the urine were retained in the fluids 
of the body. In a patient with mercuric chloride poisoning, reported by Gate- 
wood and Byfield (73), the blood creatinine remained constant during two 
days of almost complete anuria; in Looney's (129) case, between the 9th and 
17th days of a period of almost complete anuria, it rose from 6,7 to 18.0 mg. 
per 100 cc. Since these figures may include concentrations of other substances 
than creatinine, they constitute additional evidence that creatinine is not 
merely an obligatory waste product that must be eliminated by the kidneys. 

The value of the measurement of blood creatinine in nephritis. In routine 
analyses of 1500 specimens of blood from unselected hospital patients Fein- 
blatt (58) never found more than 2.5 mg. of creatinine per 100 cc. of blood, 
measured by the conventional Folin technique, in the absence of obvious kid- 
ney disease. Most of the extrarenal conditions that affect nonprotein nitrogen, 
urea and uric acid influence it little. In obstruction of the alimentary tract 
(12, 80, 81, 82, 104), toxemias of pregnancy (33, 91, 112, 220), gout (154, 155), 
pneumonia (218), the dehydration of athrepsia and infantile diarrheas, and 
after ether anesthesia (6), for instance, the creatinine often remains normal 
even when nonprotein nitrogen, urea and uric acid have risen considerably. 
It can not be inferred from this that hypercreatininemia is a pathognomonic 
sign of nephritis or renal dysfunction. The literature contains authentic 
examples of inexplicable nonrenal increases of blood creatinine (108). 

Meyers and others (149, 150, 154, 155) published observations which they 



916 


FROTEW METABOLISM 


interpreted as indicating that in progressive loss of renal function the concen- 
tration of creatinine rose later than that of uric acid or urea. The regularity of 
this sequence has not been substantiated by other investigators (58, 73, 108, 
161), but the gravity of a high blood creatinine has been amply confirmed. 
In chronic nephritis a creatinine above 5 mg. per cent, a nonprotein nitrogen 
above 100 mg. per cent, or a urea nitrogen above SO mg. per cent is of serious 
import. Usually creatinine and urea rise together (161, 212), but either one 
may be earlier elevated in individual cases. Statistically urea more frequently 
rises before creatinine. This Rehberg (99) attributed to the fact that the 
kidneys concentrate creatinine more than they do urea and that the clearance 



nephritic cases. X X Urobgic cases. O O Urologic cases with cylindruria. 

+ + Urologic cases without cylindruria 

of creatinine is less affected by oliguria. The ability of the body to dispose of 
creatinine in other ways may also play a part. In milder stages of renal in- 
sufficiency more information concerning the condition of the kidneys can be 
obtained by measurements of the clearances than by measurements of the 
blood concentrations of urea or creatinine. The statistical relation of creat- 
inine to urea in the blood is shown in figure 59 from Patch and Rabinowitcb 
(161) and its relation to the urea clearance in figure 60. From the latter it can 
be seen that a blood creatinine of more than 3 mg. per cent is usually encoun- 
tered only when the urea clearance has fallen 50 per cent or more below normal. 

In acute nephritis and after poisons, such as mercuric chloride, which injure 
the kidneys, the blood creatinine has less prognostic significance (35, 73). 

Endogenous creatinine clearances are of dubious value in renal diseases 





Accua.1 C s in cc blood per minute 

Fic. CO. Relationship of blood creatinine concentration to blood urea clearance in nephritic 
patients. The points enclosed in rectangles represent creatinine values found within normal 
limits when the standard urea clearance was below normal. From Van SJyfce, McIntosh, 
MOlIer, Hannon and Johnston (212). 


Urologic conditions. In their analysis of the relation of urea to creatinine of 
the blood in 5000 observations. Patch and Rabinowitch (161) found a distinct 
parallelism between the two substances in nephritis. This is illustrated by the 
solid line in figure 59. In urological cases with obstructive lesions of the lower 
urinary tract which interfered with the excretion of urine, such parallelism was 
less evident. In these cases blood creatinine remained normal or was only 
slightly elevated when urea retention was considerable or extreme. This 
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difference is brought out by comparison of the broken and solid lines in the 
figure and by table 36. Comparison of blood urea and creatinine, therefore, 
may aid in differentiating urologic conditions from nephritis and in the detec- 
tion and evaluation of the degree of renal injury underlying a known urologic 
lesion. It may be seen from the figure that the urea: creatinine ratios of 
urologic patients with cylindruria, which Patch and Rabinorvitch used as a 
sign of associated renal disease, are distinctly lower than those of the uncom- 
plicated cases, approaching more nearly those of subjects with nephritis alone. 

The creatinine clearance in renal disease. The general parallelism between 
the clearances of exogenous creatinine, urea, inulin, etc., has been remarked 
above. As renal function diminishes in chronic nephritis or other progressive 
destructive diseases of the kidney this parallelism is retained to the extent that 
all these clearances diminish together. They are not, however, affected pro- 
portionally. The creatinine clearance tends to fall more rapidly and the urea 


TABLE 36 

Blood Creatinine Values in Uxolocic Conditions From Patch and RABi.vowrrcn 
(161) 
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clearance less rapidly than the inulin clearance, which they both approach 
(13, 224). The power to differentiate urinary solutes diminishes and the urine 
approaches the composition of a simple glomerular filtrate. In some cases of 
acute or subacute nephritis and in the nephrotic syndrome, the urea clearance 
may suffer more than the creatinine clearance (13, 224). Such derations may 
prove to be of diagnostic and prognostic significance; as yet they are chiefly of 
interest to the investigator. Extensive comparisons of clearances of urea and 
creatinine have demonstrated that In general they give clinical information of 
equal value (55, 89, 224) Since measurement of the urea clearance is tech- 
nically simpler it remains the procedure of choice. Its greater independence of 
urine volume is the clearest advantage of the creatinine clearance (46). Like 
the urea clearance it is diminished by low protein diets (106). 

In another respect the creatinine clearance resembles other measures of renal 
function: it does not diminish until renal destruction has become advanced. 
Ellis and Weiss (56) found that both creatinine and urea clearances of patients 
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who had one kidney removed were normal. If either test is reduced under 
these circumstances it may be inferred that the remaining kidney is not sound 
and has, therefore, failed to compensate completely for the absence of its fellow. 

Blood creatine in renal disease. That complete destruction of renal function 
should cause the creatine of the blood to rise (9, 35, 129) is puzzling in view 
of the fact that creatine is not ordinarily excreted in the urine. Behre and 
Benedict (9) suggested that in the absence of the kidneys the excess creatine 
which would normally be converted to creatinine and excreted by the kidneys 
remains in the blood unaltered. The rate of accumulation of creatine in the 
blood of Campbell’s (35) case of mercuric chloride poisoning with anuria is 
compatible with this theory. The theory, however, assumes that any excess 
of creatine must be converted to creatinine, which is not consonant with the 
facts which have been presented above. 


TABLE 37 

Creatine and Creatinine in Nephritis- From Rabe (172) 
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These observations which have been cited must be discounted because the 
analyses were all made on whole blood by the conventional Folin-Jaffe method. 
Behre and Benedict (9) did satisfy themselves that the material gave the reac- 
tions of true creatinine after treatment with heat and acid. Rabe (172) in the 
author’s department has analyzed serum and urine of patients with renal 
disease simultaneously for both creatine and creatinine by the photometric 
Jaffe technique of Peters (162). Although there can be no assurance that this 
analytical procedure is specific, the data which may he of some value ace 
presented in table 37. Creatinine and nonprotein nitrogen of the serum are 
closely correlated. On the other hand, creatine is quite irregularly affected. 
Although it is usually elevated when nonprotein nitrogen is high, in one in- 
stance, no. 4, a creatine of only 0.41 mg. per cent in a young woman with ad- 
vanced nephritis accompanies a nonprotein nitrogen of 146 mg. per cent. The 
correlation between serum creatine and serum creatinine is equally bad. The 
same lack of correlation is found in clearances. Creatinine clearances in the 
series are inversely related to the concentrations of creatinine and of nonprotein 
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nitrogen in the scrum. There is no such relation between scrum creatine and 
creatine clearances. Two of the cases, indeed, excreted creatine with scrum 
concentrations so low that no creatinuria would be expected in normal persons. 
One of these, the same woman mentioned above, had the highest serum creat- 
inine in the group, 7.3 mg. per cent. Such a paradoxical combination is en- 
tirely incompatible with the theory of Bchre and Benedict, The subject 
obviously requires further investigation. 

The ( realinuria of muscular diseases and disorders 

In 1909 Levene and Kristcller (121) demonstrated that in patients with 
diseases and disorders of the musculature, especially the muscular dystrophies, 
the urine contained less than the usual quantities of creatinine, but such large 
amounts of creatine that the total creatinine coefficients were greater than 
normal. In addition they excreted larger proportions of ingested creatine 
(given in the form of beef), both as creatinine and creatine. Similar observa- 
tions were made on a case of pscudohypertrophic muscular dystrophy by Gib- 
son and Martin (75) in 1921. In no other condition docs creatinuria reach 
such magnitude There is usually less than the normal amount of creatinine 
in the urine, but the creatine far more than makes up for the creatinine de- 
ficiency. In addition both creatine and creatinine vary widely. A large 
proportion of ingested creatine is rapidly excreted unchanged in the urine. 

In 1929 Brand, Harris, Sandberg and Ringer (30) found that administration 
of glycine increased the creatinuria. This was confirmed three years later by 
Thomas, Milhorat and Techner (142, 204), who also claimed that glycine had a 
beneficial effect upon the disease. The effect ol glycine on creatinuria has been 
amply confirmed; but opinions of its therapeutic \a!ue vary from the glowing 
reports of Milhorat (142, 143) and Kostakow (115) to completely negative 
conclusions (28, 88, 174). In the experience of the author (163) glycine has no 
influence upon the course of muscular dystrophy, which is so prolonged and 
irregular that significance could be attached only to dramatic improvement. 

Spontaneous creatinuria accompanies almost all conditions attended by 
atrophy or extreme functional disorders of the skeletal musculature. It has 
been observed in myasthenia gravis, amyotonia congenita, myotonia atrophica 
and muscular wasting from a variety of causes (143); in generalized myositis 
fibrosa (21), anterior poliomyelitis (77), congenital muscular hypertrophy (85), 
amyotrophic lateral sclerosis and diffuse myositis (174). The differences 
between these diseases lie only in the quantities of creatine excreted, which 
reach a maximum in the muscular dystrophies. Milhorat and Wolff (143) 
have suggested that the degree of creatinuria depends not upon the extent of 
muscular wasting, but upon the quantity of improperly functioning muscle. 
In all these conditions the excretion of creatinine is somewhat reduced, roughly 
in inverse proportion to the excretion of creatine When creatinuria is slight, 
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total urinary creatinine may be normal; as creatinuria increases the total 
creatinine coefficient mounts, to become excessively high in muscular dys- 
trophy. The excretion of both creatine and creatinine is also unusually variable 
without recognizable relation to other phenomena of the diseases. Creatine 
tolerance — that is, the ability to retain or dispose of administered creatine — 
is regularly diminished. Glycine also increases creatinuria in most instances, 
its effects tending to vary with the intensity of the spontaneous creatinuria. 
The reaction to glycine is, however, neither consistent nor durable. If glycine 
is given over a considerable period the excretion of creatine increases for a time, 
later returning to its original rate (88, 115, 142). Other nitrogenous com- 
pounds, with the exception of guanidoacetic acid (18, 29), seem to have no 
comparable effect. Milhorat (142) claims that after prolonged administration 
of glycine creatinuria does not merely return to the premedication rate, but 
actually diminishes, while creatininuria increases. This Harris and Brand' 
(88) could not confirm. 

By those who claim that glycine has a beneficial effect in muscular disorders, 
it is held that the muscles are deficient in creatine or unable to avail themselves 
of creatine. Glycine is supposed to increase the supply of creatine or to restore 
the capacity of the muscles to utilize creatine in the normal manner. If its 
beneficial effect were derived through the provision of an extra supply of crea- 
tine, creatine itself should be superior; but no improvement has been reported 
from administration of creatine. If, on the other hand, glycine made creatine 
more available for the muscles it should improve the creatine tolerance. Only 
Kostakow and Slauck (116) claim that it has this effect. In one case of myas- 
thenia gravis, studied by Boothby (23) the creatine tolerance diminished after 
prolonged glycine therapy. Glycine is an endogenous product and should, 
therefore, be continuously available. Brand, Harris and associates (30) re- 
ported that administration of sodium benzoate diminished the creatinuria of 
patients with muscular dystrophy, but their data are inadequate. Marples 
and Levine (136) claim that benzoate diminishes creatinuria of normal infants 
slightly. Thomsen (205) was unable to detect any consistent effect on creat- 
inuria of patients with muscular dystrophy. The Linnewehs (125) and Frei- 
berg and West (68) found that patients with muscular dystrophy excrete the 
usual quantities of hippuric arid and of benzoic acid after the administration 
of sodium benzoate. If, they argue, there were any deficiency of glycine, it 
should become apparent not only in the capacity to form creatine, but also in 
the capacity to form hippuric acid. 

The deficiency of creatine in the muscles from patients with dystrophy must 
be discounted because it can not be evaluated. Nevin (156), in one case of 
pseu dohyper t roph i c muscular di'strophy found the concentrations of total 
phosphorus and all phosphorus compounds reduced in a specimen of muscle 
secured by biopsy. This may mean only that the sample of muscle contained 
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less than the usual proportion of muscle fibers. Reinhold and Kingsley (174) 
made similar observations. They found only equivocal increases of creatine 
in the muscles after glycine therapy. In passing, attention may be called 
to the studies of a case of myasthenia gravis by Cooke and Passmore (44). 
Of a variety of drugs, including glycine, only one, prostigmine, caused unmis- 
takable, though transient, improvement. It had, however, no effect on the 
creatinuria. 

In summaiy it seems to be established that in all kinds of diseases affecting 
the general musculature creatinuria is common. This creatinuria differs 
quantitatively, rather than qualitatively, from physiological creatinuria. It 
is usually associated with diminished excretion of creatinine; but this is not 
merely tecause creatine is diverted from the formation of creatinine. The 
increment of creatine exceeds the decrement of creatinine. When creatinuria 
becomes extreme, as it is particularly prone to do in muscular dystrophy, the 
total creatinine coefficient rises far above normal. The ability to retain or to 
dispose of added creatine is also reduced and the extra creatine excretion pro- 
voked by glycine is roughly proportional to the intensity of the spontaneous 
creatinuria. The creatine of the serum is elevated and the serum creatine 
curve after a test dose of creatine is extremely high and prolonged (163, 172, 
208). It is impossible to link all these phenomena with a disturbance of muscle 
metabolism or the utilization of creatine until more is known of the trans- 
portation and disposition of this substance. With the information at hand it 
would not be illogical to associate the low creatinine excretion with reduction 
of the muscle mass, since urinary creatinine appears to be correlated with 
muscle mass, The creatine which escapes conversion to creatinine and appears 
in the urine can not be so clearly related to the muscular disorder. Evidently 
the facility to dispose of creatine is impaired Pitts' (165) discovery that 
glycine diminishes creatine clearances may throw an entirely new light upon 
the action of this amino acid, although inferences from this w'ork are unwar- 
ranted until the subject has been investigated further. 

The nutritional dystrophy caused by vitamin E deficiency in rats and rabbits 
is accompanied by creatinuria that ceases when the condition is rectified by 
the administration of o-tocopherol (132) 

Creatine and creatinine in endocrine disorders 

Diseases of the thyroid. Palmer, Carson and Sloan (159) in 1929 reported 
that creatinuria regularly occurred in hyperthyroidism and diminished after 
administration of iodine Others have observed it less consistently (110, 20S). 
Those patients who have creatinuria also have diminished creatine tolerance 
(177, 200, 207) and respond to glycine with increased creatinuria (78). Richard- 
son and Shore (177) believe that this creatinuria is an indication of muscular 
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degeneration, especially evident in the ocular muscles. They have noted it in 
patients whose symptoms persisted after thyroidectomy, although the basat 
metabolism had returned to normal. In other patients they found that the 
basal metabolism remained elevated after creatinuria disappeared. They 
conclude, therefore, that the creatinuria does not arise from excessive thyroid 
hormone. Nevertheless, they consider that a defect of creatine metabolism 
which can be rectified by iodine is diagnostic of Graves’ disease. They also 
attach great significance to the creatine tolerance test. The latter, in a series 
of patients studied by Sohval, King and Reiner (200) was reduced in only 50 
per cent of those with hyperthyroidism, while it was frequently low in patients 
with autonomic imbalance. The fact that creatinuria can be induced by 
administration of either thyrotropic hormone (171, 186) or thyroxine (186) 
is at variance with Richardson’s and Shorr’s theory that it is not directly refer- 
able to activity of the thyroid hormone. Brentano (31) and his followers 
ascribe the creatinuria of hyperthyroidism to glycogen depletion, an explanation 
that seems hardly satisfactory, since glycogen depletion is not a consistent or 
prominent feature of the disorder. Pugsley (170) has reported that dinitro- 
phenol causes creatinuria. This does not mean that it is merely one of the 
phenomena of hypermetabolism, because it is not encountered consistently in 
conditions associated with increased heat production. 

In infants with hypothyroidism the normal creatinuria is greatly diminished 
or absent, but can be restored by the administration of thyroid (92, 167) even 
before the basal metabolism has risen appreciably. Thom (207) claims that 
in adults with myxedema creatinuria is lacking and creatine tolerance is high. 
On the other hand Schittenhelm and Buhler (184) observed creatinuria in 2 
out of 8 patients with myxedema and Tierney and Peters (208) have reported 
low creatine tolerance in another. When myxedematous patients were’ given 
thyroid by Thom (207), creatinuria appeared, even though the basal metabo- 
lism did not rise above normal. This creatinuria ultimately disappeared, but 
in one instance persisted as long as 180 days. This is added evidence that it is 
not directly related to the disturbance ol basal metabolism nor to other phe- 
nomena connected directly with overactivity of the thyroid, but that it is pro- 
voked by the thyroid hormone under certain circumstances. 

Tierney and Peters (208) have measured the creatine of serum and urine of 
thyroid patients in the postabsorptive state and after ingestion of 1 gram of 
creatine. With one exception patients with hyperthyroidism had creatinuria 
and concentrations of serum creatine greater than 0.5 mg. per cent. The 
quantities of creatine in the urine were roughly correlated with its concentra- 
tions in the sera. The relationships of the two functions in the normals and 
patients were indistinguishable. Qualitatively the thyroids did not differ 
in their behavior from normals either in the postabsorptive state or after crea- 
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tine. Their serum creatines and creatine excretions were merely somewhat 
exaggerated. There was no sharp line of distinction between the normals 
and the thyroids; in fact they overlapped. 

As usual the majority of these hyperthyroid patients were women, of whom 
a large proportion have spontaneous creatinuria. An opportunity has been 
afforded to study 4 male hyperthyroid patients (163, 208). Of these two had 
normal serum creatine and no creatinuria before creatine, only slight rises with 
minimal creatinuria after the test dose of creatine (one of these was reported 
by Tiemey and Peters (208)). These patienfs had outspoken Graves’ disease 
with exophthalmos. The other two had hypcrcrcatincmia and creatinuria 
before creatine and abnormally high and prolonged scrum creatine curves with 
profuse creatinuria after the test dose. One of these subjects bad associated 
complications and was only 16 years old; the other also had complications 
and was in an extreme state of emaciation as a result of anorexia. The creat- 
inuria in these cases, therefore, can not be attributed to the hyperthyroidism, 
since it might have been expected in the absence of hyperthyroidism. Further 
studies of males should be illuminating. In a series of Trcusch, Kepler et al 
(209a) 4 out of 17 male patients with exophthalmic goiter had no significant 
spontaneous creatinuria, while all of 12 female patients excreted more than 90 
mg. of creatine daily. No clinical details are given in the paper. 

Tierney and Peters (20S) found further that iodine therapy tended to dimin- 
ish scrum and urine creatine. A woman with myxedema, without post- 
absorptive creatinuria and with a postabsorptive scrum creatine of 0.35 mg. 
per cent, low in the normal range, ne\ertheless excreted 17 per cent of the test 
dose in 3 hours, reacting in this respect like a normal woman. No clinical 
feature could be discovered that was correlated with the degree of creatinuria. 
One of the men who had no spontaneous creatinuria and a normal male creatine 
tolerance test had most striking myasthenia and exophthalmos. The only 
conclusion that can be reached is that an excess of thyroid hormone appears 
to diminish the ability of women to dispose of creatine. The creatine tolerance 
test in patients with hyperthyroidism is shown in figure 57. 

Poncher and Woodward (168) found no creatine in the urine of an infant 
with myotonia congenita. Thyroid restored the normal creatinuria and 
seemed to benefit the muscular disorder. On one occasion creatine appeared 
to provoke an exacerbation of symptoms. Both creatine and thyroid seemed 
to aggravate the symptoms of an adult with the same disease who had no 
spontaneous creatinuria and a high tolerance for creatine. 

In Addison’s disease creatinuria regularly occurs (76) which can be abolished 
by potent extracts of the adrenal cortex (76, 186). Schittenhelm and Buhler 
(186) also claim that cortical extract reduced, without eliminating, the creat- 
inuria of a patient with muscular dystrophy. 

In acromegaly (184, 188) and in other diseases of the anterior lobe of the pituitary 
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gland (184) creatinuria has been reported. Whether the creatinuria of clinical 
disorders of the hypophysis is referable to specific hormonal action or arises 
from metabolic disturbances induced by these hormones is not clear. Schitten- 
heim and Blihler’s (184) case of acromegaly had high basal metabolism and 
diabetes, either of which may have been responsible for the creatinuria. Schrire 
and Zvrarenstein (189) claim that extracts of the anterior lobe of the pituitary 
increase the urinary excretion of creatinine without provoking creatinuria. 
This observation has not been verified by others. 

The sexual hormones ate credited with particularly important influence 
upon the metabolism of creatine. The sex distinction in the urinary. excretion 
of creatine is the most obvious sign of this influence. Smith (199) claims that 
the creatinuria of women is exaggerated during the menstrual and premenstrual 
periods at the expense of creatinine and that creatine appears at these times 
in the urine of women who do not have spontaneous creatinuria. This could 
not be confirmed by Mflhlbock and Kaufmann (148). 

Castration, it has been claimed, provokes creatinuria (32, 105, 184, 185) 
which can be eliminated by the administration of various male and female sex 
hormones (32, 105, 158, 185). The subject has, however, been somewhat 
confused by the failure to recognize sex distinctions in some instances and to 
distinguish specific effects of particular hormonal extracts in others. Kun 
and Peczenik (117) claim that castration provokes creatinuria in male rats, 
but abolishes it in female rats, and that both reactions can be reversed by ad- 
ministration of the appropriate sex hormones. Allison and Leonard (5a) 
detected in female rats after castration a decrease of creatinuria that could be 
reversed by injections of estrogen. 

The tendency to creatinuria among women does not appear to diminish 
after the menopause (79, 1033, 160, 208). Duckworth (52) was unable to 
diminish the creatinuria of immature males by means of either gonadotropin 
or androgens. After castration of male animals creatinuria is reported to 
remain unchanged (43a) or to increase for variable periods (105, 190a). Tes- 
tosterone propionate will diminish the creatine excretion of such animals (43a, 
105, 190a); it also decreases the creatinuria of hyperthyroidism (105a, 114). 
Methyl testosterone, on the other hand, consistently produces or increases 
creatinuria (218a, 2I8b, 219). 

On the whole it is impossible as yet to define precisely the effects of sexual 
hormones upon creatine metabolism, nor do experiments uith these hormones 
shed a clear light upon the sexual differences in creatine metabolism. A closer 
analysis of the subject with respect to the age and species of animals, time 
relations and the hormonal preparations used may resolve the conflicts of 
opinion that now ptevail. Until this is achieved analyses of urine for creatine 
can contribute little to the evaluation of sexual function. 

Creatinine, according to Schrire and Zwarenstein (189), is excreted in more 
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than the usual quantities by castrated rabbits. In human subjects, Schrire 
and Sbarpcy-Schafer (187) claim, the gonadotrophic hormone of the anterior 
pituitary increases urinary creatinine, but not creatine. In acromegaly urinary 
creatinine was reduced by estradiol benzoate and testosterone propionate (188), 
In women with menopausal symptoms it was variable, but could be stabilized 
at low levels by estradiol benzoate; in castrated women it was high and dis- 
tinctly diminished by the same preparation (195). 

Miscellaneous conditions 

To enumerate all the miscellaneous conditions in which crcatinuria has been 
reported can serve no useful purpose. These conditions include wasting dis- 
eases (57, 201), a variety of infectious diseases (206), diseases of the liver (157), 
heart failure (113), mental diseases and disorders (96, 128, 129). In many 
of these creatinuria probably is related not to the disease itself, but to some 
physiological disorder associated with the disease. The significance of the 
creatinuria can be determined only after the metabolism of this substance and 
the factors which influence it arc better understood. In addition the age and 
sex of patients must be taken into due consideration in the interpretation of all 
creatine measurements, a point that has been too generally neglected. Until 
these features are generally appreciated the measurement of urinary creatine 
will have an extremely limited value as a diagnostic procedure and as a guide 
to prognosis and therapy. 
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Chapter XIII 

PURINES AND PYRIMIDINES 


Since the first edition of this volume appeared in 1931, little ha been added 
to our knowledge of the physiologic or pathologic significance of uric acid 
Its determination as an aid to diagnosis and the direction of theiapy, instead 
of increasing, appears to have diminished. On the other hand the purine and 
pyrimidine bases have attained an entirely new significance with the discovery 
of their peculiar functions in the processes of intermediary metabolism and 
their association with certain vitamins. It is necessary, therefore, to change 
the whole orientation towards these substances and to reweight this chapter. 
Although truly quantitative chemical methods for the measurement of most 
of these compounds are not yet available, they are subjects of immediate 
intensive investigation. Some of them are so sure to be added to the clinical 
armamentarium in the near future that any forward-looking work must at- 
tempt to anticipate them. 

In general it may be stated that there are found in the cells of the hody 
certain organic compounds, consisting in their native form of purine or pyrim- 
idine bases, combined with phosphoric acid and usually with a pentose, 
which play specific r6les in the metabolic processes of the cells. The degrada- 
tion of the purine bases in the processes of catabolism gives rise to uric acid 
which, in most mammals is further converted into allantoin, but in man and 
the higher anthropoids is excreted, as such, in the urine. Uric acid, therefore, 
plays a r6le with respect to the purines similar to that which creatinine holds 
towards creatine. Uric acid has commanded particular attention in addition 
because in the birds and reptiles it apparently serves an entirely different 
puipose: in them it is the chief end-product of nitrogen metabolism, taking the 
place which urea holds in mammals. Finally, it has attracted interest in path- 
ology because it is the substance of a certain proportion of urinary calculi and 
because it is precipitated out and deposited in the tissues in gout. 

For a review of the earlier work on nucleins, purine metabolism and details 
of the chemistry of uric acid, the reader is referred to the first edition of this 
volume and to the reviews by Fischer (60), McCrudden (155) and Rose (192). 

THE PURINES, PYRIMIDINES, NUCLEINS AND RELATED SUBSTANCES 

The purine bases arc built around the nucleus C*N<, arranged in the follow- 
ing manner: 
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The system of numbers to Indicate the different C and N atoms is that of Emil 
Fischer. 

The purines which apparently appear in functionally active compounds in 
the body are adenine and guanine: 



Adenine Guanine 

The pyrimidine bases all contain the nucleus, C<Nj, 



Two recognized members of this group are thymine and cytosine, 

=C— NH, 


l 


i 

C— H 

I II 

II— N C— II 


Cytosine 


The manner in which the purines and pyrimidines are built into nucleotides 
and the nucleotides into nucleic acids was elucidated by the work of Levene 
and his collaborators (133). They showed that in the nucleic acids of the 
tissues the purines, adenine and guanine, and the pyrimidine bases, thymine 
and cytosine, are each combined with phosphoric acid and a sugar to form 
nucleotides, the order of linkage in each nucleotide being, 

Punne or pyrimldjne — Sugar — Phosphoric acid 

Both purine and pyrimidine bases are condensed by glucosidic linkages with 
a sugar which has been identified in thymus nucleic acids as rf-2-ribodesose, 
CjHioO* (134) (in yeast nucleic acid the sugar identified by Levene is the 
pentose, ribose). The nucleic acid molecule consists of nucleotides linked by 
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ester conjugations between phosphoric add and sugar radicles. The structure 
of thymus nucleic acid is given by Levene and Tipson (135) as 
Thymus nucleic add C»iHnN»P«0,i 


1 Thymine 

0=P — 0 — C«Hj 0— C»H,N,0, 

I \ 

OH O 


jHtO — CjH*Ni 

\ 

O 

j Cytosine 

0=P — 0 — CjHjO — C iHiNjO 

! \ 

OH 0 


I 

0=P— O— C,H,0,— C.H^NiO 

I 

OH 


It is characteristic of purines that they are regularly found associated with 
d-2-ribodesose and phosphoric acid. In the formula each base is represented 
with one hydrogen less than it possesses in Us separate molecule, as each is 
assumed to have lost one in the glucosidic condensation with sugar. 

r |h + oh| cr 

Base Sugar 

Each sugar nucleus, except the last, has lost 3 OH groups, utilized in the 3 
condensations in which it enters. 

Just what the function of these large nucleic acids may be is still obscure. 
As their name implies they have been connected with the nuclei of cells and 
with nucleoproteins. It is possible that they serve as prosthetic groups for 
certain proteins, Like same of their less complicated relatives to be described 
below, playing highly specialized rdles in the intermediary metabolic processes 
within cells. 

In addition to these larger aggregates, simpler structures, of the nature of 
nucleotides, arc found in the cells of the body. The best known of these seems 
to have been discovered first in red blood cells by Jackson (105) who named it 
adenine nucleotide. Lohmann (140) subsequently demonstrated that muscle 
contained an ester composed of adenine, d-ribose and phosphoric arid, to which 
he gave the name adenylpyrophosphate (it is now more properly spoken of as 
adenosinetriphosphate). It is probable that this is identical with the substance 
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which Jackson first detected. It is found in red Wood cells (30) and in roost 
tissue cells. Its structural formula, according to Lohmann (141), is: 



Oil 

1 


c — c — cii, — o — i’ — o — p—o — p — on 


In the presence of magnesium it participates as a coenzyme in the metabolism 
of carbohydrate in tissues, serving a multiple rile. It acts as a donor of phos- 
phoric acid in the formation of hexosephosphate from glycogen or glucose; it 
serves as a medium for the exchange of phosphate with creatine; and finally 
becomes a receptor of phosphate from phosphopyruvic acid. It is also in- 
volved in other phosphorylation processes in the intermediary metabolism of 
carbohydrate. The first to be described of these reactions, which are discussed 
further in the Carbohydrate chapter, may be represented in the following 
manner: 


(1) 2 creatine phosphate -f adenylic acid ^ 2 creatine + adenosinclripbo«phate 

(2) Adeno*inetriphosphatc -f glycogen ■* adenylic add + herose diphosphate 

(3) (Ilesosediphosphate intermediary products ^ phosphopyruvic acid) 

(4) 2 phosphopyruvic add + adenylic add «» adenosinetriphospbate + 2 lactic add 
According to these equations adenosinetriphosphate loses 2 of its phosphoric 
acids in the phosphorylation of carbohydrate, to become adenylic acid. Loh- 
mann and Schuster (142), however, found adenosine diphosphate in heart 
muscle. They ha\ e suggested that the triphosphate may be broken down in 
two stages, the first phosphoric acid being liberated more rapidly than the 
second. 

The central position of adenylic acid in the cycle of anaerobic carbohydrate 
metabolism can, perhaps, be better recognized if the interchange of phosphate 
is depicted in the following manner, each arrow indicating the direction in which 
phosphoric acid moves in the intermediary chemical reactions: 

Creatine Glycogen 



Pyruvic add 
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Under normal conditions, because of its central position in this cycle, there is 
seldom any free adenylic acid. The latter is relatively unstable. Under 
conditions in which its rephosphorylation is prevented, the adenine gives off 
ammonia to become hypoxan thine in the compound known as inosinic acid. 

Adenine is also found in combination with pyrimidine bases and other organic 
radicles in a variety of intracellular enzymes or coenzymes, to some of which 
definite formulae and functions can be assigned. All these have the general 
structure of nucleotides: that is, each purine or pyrimidine base is combined 
with a carbohydrate, usually ribose, which in turn is linked with one or more 
molecules of phosphoric acid. The several compounds are connected by means 
of these phosphoric acid linkages. A few of the more important deserve to be 
mentioned. 

The Warburg Coferment, a hydrogen-transporting system, has been iden- 
tified by Warburg, Christian and Griese (223) as a combination of one molecule 
each of adenine and nicotinic acid amide with two molecules of pentose and 
three of phosphoric acid: 


0NH ' OH°OH~ 

I I 


O 


-c— c— c- 

[ I I 

II H H 


C— CH t - 


N=C— Nil, 

I I 


_ N Z_ 


OII OH 

I 

~c — c— c — c — 

I I I I 

II II II II 



Euler and Schlenk (54) found that cozymase, another hydrogen-carrying 
enzyme, which appears to be essential for the formation of lactic arid in muscles, 
has a similar structure, with one less molecule of phosphoric arid. Warburg 
and Christian (222) have also identified the d-amino acid oxidase of Krebs 
that oxidizes the mirror-image isomers of natural amino acids to ketone acids 
as a dinucleotide containing ribofiavinphosphate and adenylic acid. 

These discoveries have aroused particular interest because nicotinic acid 
and riboflavin have proved to be essential elements in the vitamin B complex. 
It is becoming increasingly apparent that many of the vitamin B components 
in phosphorylated form enter into the structure of one or more of the cellular 
enzymes or coenzymes, often in combination with purine bases. They can, 
therefore, hardly be left unmentioned in a chapter that pretends to discuss 
the nature and activities of nucleins, nucleotides and purines. 
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First among these is thiamin, or vitamin Bi which, in the diphosphotylated 
form depicted below, becomes cocarboxylasc (143). 



This may participate in the oxidation of pyruvic acid (see Carbohydrate 
chapter). Thiamin itself is a combination of a pyrimidine base with a thiazol. 
Riboflavin phosphate, 6,7-dimethyl-9-d-ribityl-alIoxazine 
Oil 

I 

II, C 0 — P=0 

I I 

no— c — h on 

I 

HO— C— H 

I 

110— C— II 

I 

H— C— II 



CO 


is found, not only as part of a nucleotide in the d-amino acid oxidase of Krebs, 
mentioned above; it also forms the prosthetic group of Warburg’s yellow oxida- 
tion ferment. In the dephosphorylated form, riboflavin is vitamin B x or G. 

A variety of other enzymes containing the riboflavin-adenine dinucleotide 
have been discovered. These are listed, with their probable functions in the 
fcAWmng table, derived from Meisrak and Stem (15$a) and Hogues* (993.). 
A similar classification, with detailed references, has been made by R. A. 
Peters (175). 

1. “Old yellow’ enzyme,” alloxazine-protein (Warburg and Christian), 
isolated from yeast. 

2. d-amino acid oxidase (deaminase), alloxazine-adenine-protein (Krebs, 
Warburg and Christian), oxidizes d-amino acids to the corresponding kefo 
acids, isolated from kidney cortex. 
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3. “New yellow enzyme,” a lloxaztne-aden ine-p rot ein (Haas), isolated from 
yeast and distinct from the old yellow enzyme. 

4. Straub “yellow enzyme,” alloxazine-adenine-protein (Straub), isolated 
from heart muscle, probably identical with diaphorase (Euler) and coenzyme 
factor (Dewan and Green), contains the prosthetic group of (/-amino acid 
oxidase, but is not oxidized by molecular oxygen. 

5. “Crossed yellow enzyme," alloxazine-adenine-protein (Warburg and 
Christian), synthetically produced from the protein of the "old yellow enzyme” 
and the alloxazine-adenine-dinucleotide of the d-amino add oxidase, has the 
same actions as the “old yellow enzyme.” 

6. Xanthine-oxidase, alloxazine-adenine-protein (Ball), purified from milk , 
catalyzes the reaction of xanthine with molecular oxygen. The dinucleotide 
seems to differ from that of the d-amino acid oxidase. 

7. Alloxazine-adenine-protein (Corrau and Green) from milk. Its pros- 
thetic group is identical with that of d-amino oxidase, but its action is different. 
It catalyzes the oxidation of reduced cozymase by methylene blue, but not by 
molecular oxygen. 

8. Aldehyde oxidase, alloxazine-adenine-protein (Gordon, Green and Su- 
brahmanyan), from liver, catalyzes the oxidation of aldehydes, but differs from 
xanthine oxidase in that it does not catalyze the oxidation of xanthine. 

9. Cytochrome c reductase, alloxazine-protein (Haas, Horecker and Hog- 
ness), from yeast, acts as the intermediary link between cytochrome c and tri- 
phosphopyridine nucleotide. 

Nucleotides containing other purine or pyrimidine bases have been isolated 
from tissues and from nucleic acids, hut their functions are not known. Among 
them may be mentioned guanylic acid, a compound of guanine analogous to 
adenylic acid. This, together with adenine and pyrimidine bases, appears 
in the thymus nucleic acid shown above. 

It is highly probable that many or most of these nucleotides and related 
phosphorylated compounds, in tjie living organism, carry out enzymatic func- 
tions in combination with proteins, for which they form prosthetic groups — 
he., rcAkieswhidi confer upon these proteins their peculiarly specific properties. 

THE METABOLISM OF THE PURINES AND PYRIMIDINES AND THE FORMATION OF 
URIC ACID 

In birds and reptiles uric acid represents the final product of protein catabo- 
lism. Minkowski (162) found 60 to 70 per cent of the nitrogen in the urine 
of geese in the form of uric acid, 9 to 18 per cent as ammonia, 3 to 4 per cent as 
urea. Extirpation of the liver resulted in excretion of ammonium lactate 
instead of uric arid. This led to the opinion that in birds nearly all the urea 
or ammonia, formed presumably in the liver, combined with some oxidation 
product of lactic arid to form uric acid. That urea is not involved in this 
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process, but that ammonia is used, has been demonstrated by Barnes and 
Schocnhcimcr (6) by means of ammonia and urea containing isotopic nitrogen. 
Birds are not only unable to utilize urea (122); they can not form it because 
their livers lack the necessary enzyme, arginasc. At least one advantage 
accrues to birds and reptiles from the substitution of uric acid for urea as a 
means of excreting waste nitrogen: it enables them to conserve water. Uric 
acid because of its relative insolubility must be excreted by the kidneys in high 
dilution. There is, accordingly, little rcabsorption of water in the tubules of 
the av ian and reptilian kidneys. Instead, this process is carried out in the 
cloaca. The cloaca, like other parts of the gut, can not concentrate its contents 
above the osmotic pressure of the body fluids. So low is the solubility of uric 
acid, however, that it precipitates out before this concentration is reached. 
If the bird, with these limitations upon concentration, were forced to excrete 
its nitrogen as highly soluble urea, its water stores would be jeopardized. 

Fate of nucleins in the alimentary canal 

Earlier investigations, reviewed by Rose (192), established the fact that 
gastric and pancreatic juices remove the proteins from the nucleic adds with 
which they ate combined in the nucleins, but have no power to act upon the 
nudeic acids themselves These are, apparently, broken down by the intes- 
tinal juices to nucleotides The latter were believed to be digested further into 
their component parts, purine or pyrimidine bases, sugars and free phosphoric 
acid, before absorption. The vitamins, thiamin and riboflavin, must escape 
such dissolution, since they must be fed, and presumably absorbed, intact. 
This naturally raises the question whether nucleotides are always completely 
disintegrated in the process of digestion, as has been generally taught. 

Synthesis of purines and pyrimidines in the body 

The body is not dependent upon preformed purines or pyrimidines of food 
for the development and maintenance of the .nuclein supply of its tissues: it 
can synthesize these compounds from products of protein metabolism. This 
was first demonstrated by Miescher (161) in the salmon which, in spawning 
season, while fasting, converts a considerable part of its muscle protein into 
nucleins of the generative organs. From eggs practically devoid of purines 
are hatched birds Sully supplied with nuclcoproteins. Burian and Sc'hur (37) 
found that suckling puppies and rabbits stored more purine nitrogen than they 
received in their food. An adult woman, studied by Kollman (119) on a low 
purine diet, in the course of SO days gained 4 kg. of weight and excreted more 
purine nitrogen than she consumed. Terroine and Mourot (216) showed 
that the rat during complete inanition or protein starvation excretes in the 
urine allaotoin and purines in excess of the amounts lost by the animal during 
the same period 

The materials from which {Marines and pyrimidines may be formed has been 
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the subject of much investigation. Like the subject of creatine formation, 
however, it could be measured only by the effects of various materials on the 
excretion of the purine derivatives, uric acid and allantoin. Unfortunately 
for these efforts these appear not to be obligatory excretory products. The 
problem might, however, have been solved earlier if it bad not been generally 
held that uric acid in mammals and birds was derived by different processes. 
Experiments of Ackroyd and Hopkins (2) indicated that purines originated 
from arginine and histidine. Crandall and Young (46) adduced further evi- 
dence favoring histidine as a precursor, a plausible theory because of the ring- 
structure of this amino acid. 

When, however, the subject was examined by Barnes and Schoenheimer (6) 
with the aid of isotopic nitrogen it was found that neither arginine nor histidine 
contributed to purines, pyrimidines, uric acid or allantoin. Both purines and 
pyrimidines are formed in mammals, as they are in birds and reptiles, from 
ammonia. The latter is drawn from the same “metabolic pool” from which 
it is taken to form amino acids, amide groups and other nitrogenous compounds 
that can be synthesized in the body. This ammonia may be derived from 
endogenous sources through the deamination of protein, from ingested protein 
or from preformed ingested ammonia. 

Since the concentration of in purines was higher in the liver than in any 
other tissues which they analyzed, Barnes and Schoenheimer (6) concluded that 
this organ must be a major site for the production of these compounds. It 
was, however, so much more concentrated in pancreas, kidneys, gonads and 
intestinal tract than it was in the blood as to suggest that these organs also 
participated in the manufacture of purines. On the other hand the concen- 
trations in the lungs and heart were of the same magnitude as those in the 
blood, indicating that purines were not synthesized in these organs. 

The catabolism of purines and pyrimidines and the formation of uric acid. 
The position of uric acid as the chief end product of protein metabolism in 
birds and reptiles has already been mentioned. In man this position is filled 
by urea; but uric acid is the chief recognizable end product of the catabolism 
of purine and pyrimidine bases. It is known to take two forms. The lactam 
structure is used throughout this chapter for purposes of convenience. There 
is, however, reason to believe that uric acid occurs in the body also in the lactim 
form — i.e., with single bonds between 1 and 6, 2 and 3, and 8 and 9. The 

existence of the lactam form is suggested by its acid reaction and its ability 

to form salts. 

NH— 0=0 X- C — -OH 

I ! II 

CO C— NH C — OH C — N 



Nil— C— NH N C— • NH 

Uric add Lactim structure 


Uric add Lactam structure 
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It has generally been considered, because of the work of Jones (109), that 
the formation of uric acid from adenine and guanine proceeded through the 
intermediary steps of bypoxan thine and xanthine 


N=C— OH 

/ 1 i 

N=C— OH . 

[ 1 

1 1 

HC C— N 

HOC C—N 
n it ^ 

II II ^ C!1 

I ch 

1 c mi 
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Hypoxan thine 

Xanthine 

The chemical reactions involved 

are represented in the following diagram, in 

which Pu represents the purine nucleus, C»N 4 H, while the three members 
represent the radicles attached to the purine nucleus in positions 2, 6 and 8. 
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Recent investigations have established the fact that, in the case of adenylic 
acid, at least, the transformation of adenine to hyp oxan thine takes place before 
the purine base is detached from its nucleotide linkage. It has already been 
pointed out that, because of its central position in the phosphoric add exchange 
in muscle, adenylic add seldom lingers in the free or unphosphorylated slate. 
Li this state it is relatively unstable. When, for any reasons, it escapes re- 
phosphorylation, the adenine in the nucleotide gives of! ammonia to become 
hypoxan thine in a nudeotide that is known as inosinic acid. 



PURINES AND PYRIMIDINES 


917. 


N=CNHi 

I I 

HC— C— N 

l i 

N — C — N 

Adenine 


N=COH 

I I 

HC— C— N 



N — C — N- 


Hypoxanthine 


(H,P0 4 ) Adenylic add 

ribose phosphoric acid 

+H,0 


•(C*H*Oj) -(HjPOi) Inosinic add 

ribose phosphoric add + NHi 

ammonia 


Under ordinary circumstances this reaction appears to be irreversible. This 
may, therefore, be considered as the first step in the degradation of adenine to 
uric acid. At what step in the further transformation through xanthine the 
phosphoric acid and ribose are severed from the purine is not clear. The 
production of inosinic acid clearly occurs in the tissues which contain adenylic 
acid or adenylpyrophosphate. In the bird Minkowski’s (162) experiments 
would indicate that uric acid is formed in the liver. In what tissues it may be 
formed in man is uncertain. Human purine metabolism is so different from 
that of other animals that results of experiments upon the latter are not entirely 
relevant. With the exception of the higher anthropoids (70, 187) and man, 
mammals do not excrete appreciable amounts of uric acid; instead they elimin- 
ate their purine nitrogen chiefly as aUantoin.* In studies of tissue slices of 
birds it has been found that liver and kidney are necessary for the production 
of uric acid: liver produces hypoxanthine (53), while the kidney oxidizes it to 
uric acid (53, 186). Among the tissues of the dog Jones (109) found that the 
liver alone possessed an enzyme capable of oxidizing hypoxanthine to uric acid. 
In the living mammal the liver appears to be more active in the destruction 
than in the formation of uric acid. Uric acid injected into hepatectomized 
dogs by Bollman and Mann (19) was excreted quantitatively unchanged, while 
only a small fraction was found in the urine of normal dogs after similar injec- 


1 S. R. Benedict (11) made the surprising discovery that the Dalmatian hound, in contrast 
to all other tested breeds of dogs, excretes considerable amounts of uric acid and is, therefore, 
a suitable experimental animal for studies of uric arid metabolism. The proportion of purines 
exacted as uric add by this animal, however, do not approach those exacted by man. The 
major part of the urinary purine even in this exceptional dog is composed of aliantoln. 
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tions. Rabbits (211) and monkeys (147) seem to react in a similar manner. 
Burian (34) found that, when the liver was excluded from the circulation of 
dogs, in as short a time as tv. o hours so much uric acid accumulated in the blood 
that it could be crystallized. In the dog, therefore, uric acid is formed in 
tissues other than the liver. It may be formed also in the liver, as the enzyme 
experiments of Jones (109) suggest; but in this organ uricolysis is so active 
that synthesis would be hard to demonstrate in tiro. Blauch and Koch (16) 
have shown that the concentration of uric acid in the blood of the rat and 
guinea pig increases when the blood is allowed to stand in vitro. This may be 
due, not to synthesis of uric acid, but to hydrolysis of the conjugated uric acid 
already in the blood of these animals. 

The experiments of Barnes and Schoenheimer (6) indicate that uric acid fs 
derived from pyrimidines as well as purines. The intermediary steps in this 
process are unknown. 

The metabolism of radicles other than purines and pyrimidines found in nucleo- 
tides. It was long held that animals were unable to synthesize pyrimidines. 
As far as the simple pyrimidine bases are concerned this has been effectually 
disproved by Barnes and Schoenheimer (6). In the tissues of the animals to 
which they fed isotopic ammonium citrate, the nucleic acids and purines con- 
tained essentially the same proportions of N 15 . This would be possible only 
if the isotope was incorporated in both purines and pyrimidines. Certain 
other components of special nucleotides can not be synthesized: thiamin, nico- 
tinic amide and riboflavin, which are components of the vitamin B complex. 
One of these contains a pyrimidine which can presumably be formed from 
simple elements for other purposes. For these essential constituents the or- 
ganism is dependent upon the vegetable world. Their identification has 
thrown much light upon the nature and actions of one class of vitamins. From 
the minute quantities of these materials which are required for the maintenance 
of health it may be inferred that they are utilized with great economy. About 
their intermediary metabolism little is known. They can obviously be ab- 
sorbed from the alimentary canal in the unphosphorylated form because 
thiamin, riboflavin and nicotinic acid effectively repair the dietary deficiencies 
that arise from lack of the vitamins with which they have been identified. 
There is some evidence that in certain pathological conditions riboflavin- 
phosphate may he more effective than riboflavin, suggesting that it maybe 
absorbed without depbosphorylation. The organism must possess the power 
to synthesize nucleotides from these substances and to incorporate these in the 
coenzymes in which they appear to function. Their life cycle beyond this is 
largely conjectural. Thiamin and products of nicotinic acid can be recovered 
in the urine. It is compatible with the information at hand to suppose that 
in the metabolic processes to which they are subjected compounds of this class 
accidentally escape from their linkages to leak out through the kidneys or other 
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excretory channels. There is no evidence that they can be broken down in the 
body. More satisfactory solutions for these problems will be found as quan- 
titative methods for the measurement of the vitamins are improved. 

URIC ACID 

Properties of uric acid and urates 

The properties of uric acid that have most attracted the attention of physi- 
ologists and pathologists are its ability, as an acid, to form salts, and the solu- 
bilities of the free acid and its salts in physiological fluids. 

Acidity of uric acid. Uric acid in the lactam form CsN<H(OH) 3 has, like 
phosphoric acid, OP(OH)j, three hydroxyl groups, the hydrogens of which 
may have add properties. In the case of uric acid, as of phosphoric, one 
hydrogen is much more acidic than the others. However, whereas in phos- 
phoric acid even the second hydrogen is sufficiently aridic to form salts, such 
as Na 2 HPO<, at physiological pH ranges, in uric add only one H acts thus, 
and its acidic function at physiological reactions is indicated by the formula 
H(CbHjOjN 4 ). For this hydrogen Gudzent (81) estimated from conductivity 
determinations on pure uric acid solutions that the acid dissociation constant, 
K =■ 2.3 X 10**, whence pK= — log K. = 5.64. The apparent dissociation 
constant in urate solutions, viz., the K' in Henderson’s equation 
K' NalC.H.OiNJ 

IH+1 = mCtfVWM W 

will, because of the influence of salts on ionic activities, be somewhat higher, 
and the corresponding pH/ somewhat lower than the above K and pK values. 
To judge from analogy with Hastings’ and Sendroy’s results with carbonic acid, 
the pK/ value in a solution of the salt content of serum would be about 0.2 less, 
or 5.44, with the apparent dissociation constant K/ — 3.6 X 10 - *, 

It is obvious that the acid strength of uric acid is about 50 times greater 
than that of carbonic, of which K' = 4.8 X 10* s , but only about one-thirteenth 
as great as that of acetic, of which K' = 1.8 X 10~ s . 

Solubility of free uric acid. Gudzent (81) found that uric acid in pure water 
at 37 dissolves to the extent of 6.49 mg. per 100 cc-, forming a 0.39 millimolar 
solution. 

Solubility of pure uric acid salts. Gudzent (82, 83) found that when crystals 
of Na (CjHiOsNi), K(CsH a OaN 4 ), or NH^CsHjChN*) were shaken with pure 
water, a maximum solubility was reached in fifteen to thirty minutes. If 
equilibrium was then continued for two or three days a gradual decrease in the 
amount of dissolved salt occurred, amounting to 14 to 17 per cent for the Na 
and K salts, and to as much as 30 per cent for the NH| salt. This fall in solu- 
bility Gudzent at first (82) attributed to the fact that the smaller crystals of a 
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suspension may form an unstable phase, with a higher solubility than the larger 
crystals, so that at first a solution is formed that is supersaturated with respect 
to large crystals. Eventually the smaller crystals cither dissolve or grow into 
larger ones, some of the substance at first dissolved settles out on the larger 
crystals, and a final equilibrium is slowly approached with less substance in 
solution than during the intermediate period. Such a behavior had been ob- 
served by Hulett in calcium sulphate solutions. Later Gudzcnt (81, 83, 84) 
attributed the solubility change to molecular transformation of the dissolved 
urate from a more soluble lactam to a less soluble Jactim form. There seems, 
however, to be no conclusive reason for preferring this explanation to the former, 
simpler one. 

The final solubilities obtained by Gudzent were as shown in tabic 38. 

Solubility of urates in blood serum. In a solution of pH 7.4, such as serum, 
about 99 per cent of the total uric acid in true solution must be in the form of 


TABLE 38 

Soutcurub Obtmsed by Gcnztsr (81) 


SAIT 


mM per liter 

Milligram nil Mr 
100 ee. • 

Equivalent to 
milligram of one 
add per 100 ce. 

NIMCiH.O.N,) . 

2.92 

54.0 

49.1 

K(CaH,O.Ni) 

12.00 

248.4 

203.0 

Na(CVHiOiN») 

6 76 

140.9 

113.7 


sodium urate, only about 1 per cent as free uric acid. The proportion may be 
calculated from the above apparent dissociation constant as 


[nui _ [ii-h o 4 x io- T 

[NaUJ " K " 36 X ItH " 0 011 


( 2 ) 


According to this, at pH 7.4, or [H+] = 0.4 X 10" 7 , only 1.1 per cent of uric 
acid is present as free acid, 98.9 per cent being in the form of the monoalkali 
salt. The problem of estimating the theoretical solubility of uric add -f urate 
in serum therefore simplifies itself to the estimation of the solubility of sodium 
urate. The preponderance of Na among the cations makes it the limiting fac- 
tor in urate solubility. 

However, the solubility of sodium urate in serum must be much less than in 
pure water. The relatively great amount of Na cations present would depress 
the urate solubility. According to the solubility law for uniunivalent salts, 
the concentration of urate anions in a saturated solution containing other Na 
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salts will vary inversely as the Na cation concentration, as expressed by the 
equation: 


[Ui *= 


K,, 

INa+J 


(3) 


■where [U“] is the concentration of urate anions, the constant K, p is the ap- 
proximate solubility product, and [Na + ] is the molal concentration of Na. 
Since NaU is a strongly dissociated salt, the value of [U~J represents approxim- 
ately the urate concentration. Harpuder and Erbsen (92) found at 37° that, 
in solution with [Na + ] » 0.030 molal, [U - ] was 0,00164 molal; whence 

- [U-I X [Na + I - 4.9 X 10"» (4) 

In a solution with the Na content of serum, 0.13 molal, therefore, the urate 
solubility would be calculated as 
4.9 X 10"* 

VU~) *=* — — — - — « 3.8 X 10 - * mob urate per liter 

0.130 w 

“ 6.4 mg. urate calculated as uric add per 100 cc. 

Attempts of early investigators, beginning with Klemperer (117) to deter- 
mine experimentally the solubility of uric acid in blood, met with unrecognized 
difficulties and gave extraordinarily high, false values, such as 100 to 200 mg. 
per 100 cc. The serum was equilibrated with uric acid crystals. Hence the 
HU (HU = uric acid) going into solution would react with the NaHCOj of the 
serum to form NaU according to the equation, HU -f- NaHCOj = NaU + 
HjCOj. Sodium urate thus formed in solution without a substrate of sodium 
urate crystals to accelerate crystallization develops at first supersaturated true 
solutions which gradually tum into colloidal solutions or suspensions that re- 
quire weeks for complete crystallization (9). Schade (194) found that when 
uric acid was quickly dissolved in warm NaOH the NaU separated out in 
colloidal globules, at first ultramicroscopic, gradually growing, and ultimately 
replaced by crystals.. Celkwial sohilvans. cod'd thus. he. prepared cotAj.w.’.w^ 
as much as 2 per cent of uric acid. 

Gudzent (82) avoided this difficulty by using sodium urate crystals as his 
substrate, and obtained a final solubility of 8.3 mg. of urate (calculated as uric 
acid) per 100 cc., which is of the order of magnitude of the 6.4 mg. we have 
theoretically calculated above; the difference is not greater than might be 
expected from the effect of the proteins and ions other than Na in the serum. 
Bcchhold and Ziegler (9), however, with Na urate as substrate and one hour 
equilibrium, also with uric acid as substrate and two or more weeks' equilibrium, 
later obtained the higher solubility value of 23 mg. per 100 cc. There is no 
apparent explanation of the discrepancy. Bechbold and Ziegler’s higher 
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values seemed to be due to the solvent effect of the serum proteins, since the 
protein-free salt solution obtained by dialyzing serum dissolved only one-tenth 
as much, viz., 2.3 mg. of sodium urate per 100 cc. It is evident that, despite 
the fact that past work on the solubility of uric acid in blood plasma and serum 
has narrowed the range of error there still remain discrepancies which demand 
explanation. 

The theoretical solubility oj wales in urine. Under conditions such that the 
urates formed would be freely soluble, the concentration of urate present in a 
solution saturated with crystals of free uric acid could be estimated from the 
free uric acid content and the pH by means of Henderson’s acid dissociation 
formula. Thus, at 37° the free uric acid concentration (HU) in a saturated 
solution would be 6.5 rog. per 100 cc. or 0.39 millimolar (82). The NaU con- 
centration estimated according to Henderson’s mass law (see Carbonate chap- 
ter) would be 

INtUl - jfjr, x mu) - X 0.3? mM. 

For the K' value in the above formula we may with Jung (111) take as an 
approximation 2.3 X 10"*, determined by Gudzent (81) in pure uric acid solu- 
tion, It can not be exact for solutions containing also NaU as well as HU, 
but will be sufficiently close for an estimate of the order of magnitude of [NaU |. 
The results of such an estimate covering the pH range of urine are given in 
table 39. 

It is evident from table 39 that the maximum amount of total uric acid that 
can be permanently held in true solution under the most favorable condition, 
viz., when there is just enough Na present to form a saturated solution of Na 
urate, is equivalent to 119 mg. of uric acid per 100 cc. The larger amounts, 
indicated as corresponding to pH values above 6.88, could exist only in super- 
saturated or colloidal forms. 

In urine the maximum total uric acid that could be expected to exist in true 
solution would ordinarily be but a small fraction of 119 mg. per 100 cc., because 
the concentration of NaCl and other Na salts present is sufficient to depress 
greatly the solubility of sodium urate. The 6 mg. per 100 cc. estimated above 
by equation 5 for the solubility of NaU in serum is of the order of magnitude 
that would be estimated for a urine of Na content, such as is ordinarily en- 
countered, not far from that of blood. In more dilute urines, with less salt 
concentration, the solubility of urates would increase. Consequently, inf teas- 
ing the volume of urine increases the total amount of urate that can be held in 
solution not only because of the greater volume of solvent, but also because 
of the lesser concentration of salts in the more dilute urine. Hence, salt output 
per day being equal, the urate that can theoretically be held in true solution 
in a 24 hour urine increases, not simply as the 24 hours volume, but as the 



• Since the molecular weight is 168, the estimated milligrams of uric acid per liter ■=> mM 
X 168, and mg. per 100 cc. ™ mM. X 16.8. 

t pH at which NaU concentration equals that found by Gudzent for a saturated solution 
of forms NaU in water. 

the buffer solution or urine. Consequently, whatever NaU or KU was formed 
in solution by reaction of HU with the alkaline buffers would tend to remain in 
supersaturated solution for the time of the experiment, even though the con- 
centration were such as to exceed many times the true urate solubility in solu- 
tions of the salt content used. In fact the experiments of Jung (111) and 
Harpuder (92) with Na and K phosphate, acetate and borate buffer solutions 
and of Haskins (93) with urines of varying pH, do give results approximately 
those estimated in the above table on the assumption that the urate salts are 
of unlimited solubility. The agreement of such results with those calculated 
proves one interesting point, viz., that for a period of sometimes hours the 
excess of urate above the permanent solubility value must exist in the form of a 
true solution, rather than a colloidal suspension. Otherwise it is inconceivable 
that the solubilities obtained in buffer solutions should be at all related to those 
calculated from the laws of simple solutions on the assumption that the NaU 
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does remain in true solution. The data of Haskins (93) obtained by equilibrat- 
ing urines with uric acid crystals are given in figure 61, together with the curve 
theoretically calculated on the assumption of unlimited urate solubility. The 
results of Jung (111) with 0.1N buffer solutions naturally follow the theoretical 
curve somewhat closer than do those with urines. The latter do so strikingly 
enough, however, if the results obtained after dosage with piperazine are 
excepted. 



Tic. 61. Effect of pH on solubility of uric add in urine and in dilute buffer solutions. 
Tie curve represents the solubility in dilute buffers, observed by Jung (111). The points 
indicate solubilities in human urine observed by Haskins (93). 

It is extremely doubtful whether these results bear any relationship to the 
ability of urine to redissolve crystals of sodium urate once they have been 
formed. Solubility experiments with sodium urate as substrate instead of uric 
acid are necessary. In most urines the limiting factor of true solubility must 
be the urate rather than the uric acid, since when crystals form the)* are chiefly 
urate crystals. A urine that was alkaline when excreted should hold urates 
in supersaturated or colloidal solution. A supersaturated urate solution could, 
presumably, result from concentration of the glomerular filtrate in the renal 
tubules. If the pH were in the neighborhood of 5, or perhaps even 6 , such 
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concentration would cause the free uric add to exceed its solubility limit of 
6.5 mg. per 100 cc. and the free add, which has relatively little tendency to stay 
in a supersaturated solution, would crystallize. On the contrary', if urine were 
alkaline the substance would practically all be in the form of urates, and these 
could be concentrated into a supersaturated solution for some time, probably 
hours, without occurrence of crystallization. 

Concerning the avoidance of crystallization one can at present conclude only 
that maintenance of a large volume of urine appears certain to assist and that 
an alkaline reaction may do so. A large volume of urine acts by providing an 
abundance of solvent for both uric acid and urates, and by diminishing the 
concentration of NaCl and other Na salts and hence their effect in reducing the 
solubility of NaU. The administration of sodium bicarbonate or citrate, or 
similar potassium salts, would have two opposite influences on crystallization: 
on the one hand the alkalization of the urine would replace free uric acid with 
alkaline urates capable of remaining in supersaturated solution until excreted; 
on the other hand, by increasing the Na or K concentration of the urine, it 
would decrease the true solubility of urates and presumably increase the ten- 
dency to crystallize from supersaturated solutions. The administration of 
lithium bicarbonate to form the more soluble lithium urate is free from the 
latter theoretical objection. It naturally does not increase the apparent total 
uric acid solubility in urine observed in experiments, like those of Haskins (93) 
with crystals of uric acid as substrate, because for a time the NaU and KU 
remain in supersaturated solution as though infinitely soluble. But lithium 
would not, like sodium salts, decrease the true solubility of the sodium urate 
in solution, nor hinder resolution of crystals of sodium urate which might al- 
ready have formed in the kidneys. 

It is evident that, before more satisfactory' therapeutic conclusions can be 
drawn, both the physico-chemical and the physiological facts with regard to 
uric acid and urates in the urine must be further clarified by experimental 
studies. At present clinical experience (177) appears to favor the administra- 
tion of salts which maintain an alkaline urine to prevent crystallization of 
urates and uric acid. The efficacy of such treatment must depend on the 
ability of the urates to remain in a supersaturated or colloidal solution. 

Stair and distribution of uric acid in the body and its fluids 

The existence of one organic combination of uric arid in the blood has been 
proven by Benedict, Newton and Davis (12, 48, 170, 171), and other forms 
have been assumed to exist as the result of more or less uncertain evidence. 
We shall consider organically combined uric acid later, and at present discuss 
only uric acid free from such combination. 

Stale of dissolved uric add free from organic combination. Normally un- 
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conjugated uric acid in the body is entirely in solution. Presumably the dis- 
solved uric acid is a mixture of the lactam and lactim forms in equilibrium, 
but no data exist to indicate the proportions of each isomer. 

Part of the dissolved uric acid is free, part in the form of salts. Apparently 
only one hydrogen dissociates appreciably within physiological pH ranges. 

Deposits of crystalline urales. The deposits of crystalline needles that cause 
gouty concretions consist, according to the analyses summarized by M cCrudden 
(155), of monosodium urate. The concretions themselves contain also varying 
amounts of organic matter with some ash other than soda. Free uric acid 
crystals have never been found. In fact, at the pH of blood and other body 
fluids the deposition of free uric acid is theoretically impossible. The solu- 
bility of free uric acid and sodium urate in serum arc nearly the same, 6.5 and 
8.3 mg. per 100 cc. according to Gudzent, while according to the above calcula- 
tion the ratio NaU:HU at blood pH is about 90, Reported total uric acid 
figures for blood in gout at times approach the sodium urate solubility limit, 
but never are so high that the free uric acid, estimated as one-ninetieth of the 
total, approaches its solubility limit. The overwhelming predominance of 
sodium among the cations in the extracellular fluids causes the precipitation 
of NaU rather than KU in intercellular spaces. 

In urine conditions arc altogether different. K, Na or NH« may, according 
to conditions, predominate among the bases, and the acidity may be so high 
(pH 5) that three-fourths of the total uric acid is free, or so low (pH 8) that 
practically 100 per cent is in the form of salt. In urine of average pH (about 6) 
the ratio of dissolved urates to free uric acid is about 2 to 1, and from such a 
urine one might expect both urates and free uric acid to crystallize. The 
analyses of urinary urate deposits have been reviewed since the time of Ber- 
elius (1845) by Tunnichffe and Rosenheim (219), who have added data of 
heir own. The results indicate that the deposits, usually amorphous in 
contrast to the needles in gouty joints, contain varying proportions of free uric 
acid, and that of the bases NH< may constitute 18 to 70 per cent, K 11 to 70 
per cent, Na 9 to 40 per cent, with small amounts of Ca and Mg, perhaps as 
occluded salts. The urates deposited in the urine of infants were found by 
Sjbqvist (quoted by Schloss and Crawford (197)) to consist of free uric acid 
and ammonium urate. 

The fact that uric acid and urates can be made to separate from urine in 
such proportion that a deposit is formed of the approximate composition 
BU-HU, where B represents K, Na or NH«, led Bence-Jones in 1862 to conclude 
that the mixture was a definite salt, which he named quadriurate. The ques- 
tion of its existence provided a source of prolonged dispute. The work of 
Tunnicliffe and Rosenheim (219) and of Ringer (190), however, finally estab- 
lished that such deposits are mixtures, in which monoalkali salt and free uric 
arid can be made to have any desired proportions. 
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The concentration of uric acid in normal human blood 
Because of the non-specificity and great variability of procedures for the 
determination of uric acid, all data must be interpreted with careful con- 
sideration of the method which has been employed. By the particular Folin 
(63) and Benedict (13) analytical procedures which have been described in the 
volume on methods the blood of normal persons is usually found to contain 
2.5 to 5.0 mg. of uric acid per 100 cc., averaging about 3.5 rag.* It is doubtful 
whether a normal person on an ordinary diet will have consistently more than 
5 mg. Jordan and Gaston (110), for example, in repeated examinations, found 
less than 4.0 mg. in all but 2 of 13 disease-free subjects. However, because 
of the temporary elevations that may be induced by variations of dietand 
other physiologic factors that will be discussed below, no pathologic significance 
can probably be attached to single observations that do not exceed 6, perhaps 
even 7 mg. Because the uneven distribution of uric acid between cells and 
serum increases the variability and reduces the significance of whole blood 
analyses, plasma has been rightly preferred by recent investigators.* Jacobson 
(106), in an examination of 100 patients with diseases that are not supposed 
to disturb purine metabolism, found a mean concentration of 4.2 mg. of uric 
acid per 100 cc. of plasma. In 3 individuals the concentration exceeded 6 mg., 
but in none was it greater than 6.9 mg. In 15 it was less than 3 mg. and in l 
less than 2 mg. Therefore no pathologic significance can probably be attached 
to random determinations of uric acid that fall within the limits of 1.0 to 7.0 
mg. per 100 cc. Erdchner-Mortensen (25), using a method that depends upon 
the reduction of ferricyanide and gives slightly higher values than the Folin or 
Benedict procedures, in repeated analyses of the blood of 50 normal persons 
under usual living conditions, found 4.6 to 8.8 mg. of uric acid per 100 cc. of 
plasma. He reports a difference between the two sexes which others have not 
detected and which, from his own figures, does not appear to be statistically 
significant. Blauch and Koch (15) by a method which depends upon the 
analysis of blood before and after it has been subjected to the action of the 
specific enzyme, uncase, find in the blood of nonnal persons only 1.0 to 3.8 mg. 
per cent of uric acid, with an average of 2.0 mg. The difference between these 
values and those obtained by the Folin method they attribute to the effect of 
chemical substances other than uric acid. Blauch and Koch analyzed the 
plasma before and after the action of uncase by means of the Folin procedure 
which Brdchner-Mortensen claimed does not recover uric acid completely. 
After a careful investigation of the subject, Bulger and Johns (31) have pro- 

* Earlier modifications of the Folin colorimetric method gave far Ion er values for blood 
uric acid with the upper limit of normal variation as low as 2.5 to 3.0 mg. per cent. It is now 
generally believed that these procedures did not recover uric acid completely. 

* “Unlaked Wood filtrates,” proposed by Folin (64) to obviate the necessity of resorting to 
plasma ana!> ses have been shown by Jacobson (106) to be unreliable. 
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posed a procedure in which uncase and the femeyanide reduction method of 
Brffchncr-Mortensen arc combined. By this method, which appears to be 
more specific than any other thus far devised, the concentration of uric acid in 
normal human plasma varies from 2 to 6 mg. per cent, averaging 4 mg. Values 
for females average 3.5, males 4.4 mg. per cent, a significant difference although 
the total range of values in the two sexes is the same. Although this is similar 
to the range found by the newer modifications of the Folin and Benedict pro 
cedures which have been generally employed, these methods do not yield the 
same values on individual subjects. Apparently the Folin and Benedict re- 
agents do not react quantitatively with uric acid, but do react sufficiently with 
other compounds to yield figures that arc on the average equal to the concen- 
tration of true uric acid. This method and that of Blauch and Koch have 
not been applied to studies of disease nor to analyses of tissues; therefore, 
the discussion which follows rests entirely upon analyses of blood conducted by 
methods of doubtful specificity. 

Distribution of uric acid in the body 

In blood anal>ses indicate that the concentration of uric acid in plasma is 
roughly twice as great as the concentration in cells (94, 224, 233). The dis- 
tribution, however, appears to be quite variable and the procedures used are 
ill-adapted to analysis of cells. According to Talbott (212) the distribution 
of uric acid, like the distribution of chloride and bicarbonate, is altered by 
changes of pH brought about by varying CO* tension. This would suggest 
that the membrane of the red blood cell is freely permeable to uric acid. Theis 
and Benedict (218), on the other hand, found that uric acid added to blood 
in vitro failed to penetrate the cells at all in 14 out of 20 instances. 

Spinal fluid, according to most observers (45, 165, 166, 185), normally con- 
tains little uric acid, and this does not tend to vary with the uric acid of plasma 
under most circumstances Bernhard (14) reports that in the terminal stages 
of nephritis the uric acid of spinal fluid does reflect changes in the blood. 

In exudates and transudates the concentration oi uric acid appears to be 
approximately equal to that of blood (43, 165). According to Reichc (185) 
it exceeds the concentration in blood plasma. 

In tissues uric acid seems to be quite irregularly distributed (57, 65). Fine 
(57) found that in patients who had succumbed to renal disease the concen- 
trations in the tissues tended to parallel that in the blood, but there were dis- 
tinct differences between the various tissues examined. Folin, Berglund and 
Derrick (65) observed a similar uneven distribution among the organs and 
tissues of dogs after injections of uric acid. The muscles took up practically 
no uric acid after injections which caused the concentration in the kidneys to 
rise as high as 200 mg. per 100 grams of tissue. Human muscle, however, 
according to Berglund (unpublished results quoted by Lennox (130)) ordinarily 
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contains approximately half as much uric add as blood per 100 grams of tissue. 
Sweat, according to Saiki, Olmanson and Talbert (193) regularly contains 
uric add. 

In feces uric acid is found in concentrations approximating those of the 
blood (231). 


Organically combined uric acid in blood 
Benedict, Davis and Newton (12, 48, 170, 171) isolated from the btoods of 
diverse species of animals, including man, a combination of one molecule each 
of uric acid and d-ribose. This is the only organic combination of uric acid 
in the animal body, the existence of which has been proved by methods that 
would pass the criticism of an organic chemist. The range of concentration 
of this compound in human blood and its variations in health and disease have 
not been investigated. In beef blood it is found only in the cells (170). Others 
have claimed that a fraction of uric acid is “combined” because it can not be 
precipitated from blood directly, but only from protein-free filtrates of blood 
(85), or because it is set free (rendered capable of determination by Folin's 
method) by hydrolysis with 30 per cent sulfuric acid (108). The validity of 
these claims must be established by more rigorous methods before they can be 
accepted. Adlersberg, Grishman and Sobotka (4) have found that only a part 
of the “uric acid” in plasma is ultrafiltrable, although all the material that 
gives the reactions of uric acid by the Benedict method can be removed from 
the plasma by dialysis. They have called attention to irregular variations 
of the proportion of “ultrafiltrable uric acid” in certain pathological states. 
In the last analysis no one of these claims can have any substantial weight if 
measurements are made by methods that are less than specific for uric acid. 

The metabolism of uric acid 

The sources and excretion of endogenous uric acid The term endogenous uric 
acid is used to designate the uric acid excreted by a subject subsisting upon a 
purine-free diet. Burian and Schur (36, 37, 38, 39) and Siven (202) in 1901 
independently reported that the daily uric arid excretion of a normal adult 
on a purine-free diet is fairly constant and characteristic for the individual, 
usually between 0.3 and 0.5 grams, and independent of the amount of protein 
consumed, provided this is purine-free. In a carefully controlled study of a 
single subject the average daily uric acid excretion varied only from 0.43 to 
0.49 gram in 4 periods in which the protein ingested varied from 18.5 to 145.4 
grams daily. The endogenous uric acid was attributed by Burian and Schur 
to the hypoxanthine of muscles. It is now clear that ammonia nitrogen from 
the protein of the tissues and that ingested is capable of forming the purines 
and pyrimidines from which uric acid is derived. A definite amount of uric 
acid from the purines and pyrimidines of the tissues appears to be excreted 
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daily, much as a definite amount of creatinine from the creatine phosphate is 
excreted. This is not appreciably influenced by the supply of nitrogenous 
compounds which can be used for the synthesis of purines and pyrimidines. 

The excretion of exogenous uric acid. It has been generally held that purines 
of the food, are, like those of the tissues, directly oxidized to uric acid. Reports 
of the effects of feeding purines or even uric acid itself upon urinary uric acid 
are extremely inconsistent. Burkin and Schur (39) recovered from the urine 
approximately 50 per cent of uric acid which had been injected subcutaneously 
into men. About 50 per cent of the nitrogen of ingested hypoxanthine could 
be accounted for by an immediate increase of urinary uric acid. Mendel and 
Lyman (160) recovered in the urine of a man, after the ingestion of hypoxan- 
thine, uric acid equivalent to 60 per cent of the purine, after xanthine 50 per 
cent, after guanine 25 per cent, and after adenine 34 per cent. These experi- 
ments seemed to confirm the opinion of Burian and Schur, that about one-half 
of all the uric acid, endogenous and exogenous, produced in the body, appeared 
in the urine. In subsequent investigations the relationship between purine 
intake and uric acid output has not proved so constant. Individual men vary 
widely with respect to the proportions of administered uric acid they excrete 
and destroy respectively. Moreover, the excretion of uric acid is affected by 
dietaiy factors other than purines. There are, indeed, some nho have found 
that the purines in the diet have no influence upon the excretion of uric acid by 
either man (163) or the Dalmatian hound (234), 

Uric acid destruction. Animal experiments are of little help in revealing 
the fate of uric acid in man. Birds and reptiles, on the one hand, make no 
attempt to destroy uric acid; on the contrary they turn the greater part of their 
ammonia into uric acid for excretion. Mammals, other than man and the 
higher anthropoids (70, 187), on the other hand, appear to form uric acid only 
from the purines and oxidize from 80 to 98 per cent of that which they do form 
into allantoin (103) by the reaction 
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Consequently the dog, for example, shows only traces of uric acid in urine and 
hlood. 

Man occupies an intermediate position. Like the other mammals, he ap- 
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pears to form uric acid only from purines. But that which he does form must 
be largely eliminated in the urine. Wiechowski (228) found 10 to IS mg. of 
allantoin per day in human urine, compared with 300 to 500 rag. of uric acid 
and Ackroyd (1) showed that this slight amount of allantoin was absorbed 
as such from the food, none at all being formed in the body. His loss, in the 
process of evolution, of the ability to oxidize uric acid to allantoin may explain 
man’s peculiar Lability to gout and renal urate concretions. 

Whether man has any ability to destroy uric acid was long a subject of warm 
dispute. In contradiction of Burian and Schur's (39) experiments cited above, 
Soetbeer and Ibrahim (206) reported that inj'ected uric acid could be com- 
pletely recovered from the urine. Jones (109), moreover, had been unable to 
discover any enzymes in human tissues capable of oxidizing uric acid. Thor- 
ough studies by Koehler (118) and Folin, Berglund and Derick (65) left no 
doubt that injected uric acid was not entirely excreted in the urine. The latter 
authors found that only from 30 to 70 per cent of uric acid injected intraven- 
ously as the lithium salt into normal men appeared in the urine. The propor- 
tion thus excreted depended upon the individual and other experimental con- 
ditions. The remainder was apparently destroyed, although the product into 
which it was converted has not been identified. Wells (227) analyzed for uric 
acid the tissues of a person v.ho died after nine days of total anuria from bi- 
chloride poisoning. He found only 1 mg. of uric add per 100 grams of tissue 
in the liver, 2.5 mg. in the blood, 9.7 mg. in the other mixed viscera. If none 
had been destroyed, the endogenous uric acid, formed at the usual rate of 7 to 
S mg. per kgm. daily would have accumulated in the body to the extent of 60 
to 70 mg. per 100 grams. Apparently about 90 per cent was destroyed. The 
small concentration found in the liver suggests that this is the site of its destruc- 
tion or removal. Further evidence to this effect is found in experiments of 
Paroulek (173). He injected uric add into branches of the portal veins of 2 
patients during laparotomy. The duodenal contents were aspirated just 
before and just after operation. The uric add of the duodenal contents in- 
creased quite definitely and that in the urine rose somewhat, but the concen- 
tration in the systemic blood remained almost unchanged. On the other hand, 
he found, as others have, that when uric acid was injected into the femoral 
arteries of men the uric add concentration in the blood from the saphenous 
vein rose rapidly and reached its original level only after about 4 hours. He 
concluded that uric add must be almost entirely removed from the blood by the 
liver. 

Whether it is destroyed by the liver is another question. There is reason 
to believe that it is excreted in the bile. In Paroulek’s experiments it seems 
to have entered the duodenum after injection into the portal vein. Lucke 
(116) claims that 30 to 50 mg. of uric acid is excreted daily in the gastric juice 
and bile and destroyed by bacteria in the intestines. 
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The mode of elimination of uric acid by the kidney. There has been much 
controversy concerning the manner in which uric acid is excreted by the kidney. 
The concentrations of urates in the excreta of iguana and fowls were so great 
as to convince Marshall (152) and Gibbs (77) that it must be secreted by the 
tubule cells. According to Shannon (201) the clearance of uric acid in the 
chick exceeds that of inulin. In the snake, on the other hand, Bordley and 
Richards (21) found that sufficient uric add was filtered through the glomeruli 
to account for all that appeared in the urine. It is doubtful whether this 
work on the mechanism of uric acid excretion by reptiles and birds which 
excrete relatively immense amounts of uric acid is applicable to man. The 
proof by Richards and his associates that uric add is filtered through the 
glomeruli of snakes (21) and of necturus (188) probably justifies the presump- 
tion that it is also filtered through the glomeruli of the human kidney. 

Neither Brjfchner-Mortensen (25) nor Johnston (107) could find any cor- 
relation between clearances of uric acid and those of urea and creatinine in 
random observations on humans. When, however, the concentration of uric 
acid in the plasma was increased by feeding high purine diets or, better still, 
by injections of lithium urate, the uric acid clearances rose. When the plasma 
uric acid exceeded a certain level the rate of excretion became a linear function 
of the concentration of uric acid in the plasma. Extrapolation downwards 
of the mean line describing this relation, however, indicates that excretion 
should cease when the plasma uric acid falls to about 4 mg. per cent. Actually 
uric acid continues to appear in the urine when its concentration in the plasma 
falls below this apparent threshold. This anomalous behavior would be ex- 
plained if a certain proportion of the material measured as uric acid by the 
alkaline fcrricyanide reduction method of Brjfchner-Mortensen were not uric 
acid, but other reducing substances. Br^chner-Mortcnsen (26) has calculated 
uric acid clearances (a) on the assumption that the observed values represented 
true uric acid and (b) on the assumption that part of the reducing material 
was not uric acid. By assumption (a) the clearances varied from 4 to 12 cc.; 
by (b) they varied from 10 to 90 cc. averaging about 30 cc. If 30 cc. be taken 
as the true uric acid clearance, with an average glomerular fdtration of 120 cc 
per minute, about three-quarters of the uric acid filtered by the glomeruli must 
be reabsorbed in the tubules. Before an}' such estimates can be accepted, 
however, clearances must be measured by analytical methods of undoubted 
specificity and accuracy. At present it is only possible to say that in man uric 
acid is probably reabsorbed, not secreted, bj' the tubule cells. 

The effect of diet on blood and urine uric acid 

The purine content of foods as determined by Burian and Schur (36, 37) is 
shown in table 40. A more complete list, based on Walker-Hall’s analyses, 
has been published by Pratt (177). Fish and white bread, cabbage, lettuce, 
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cauliflower and fruits are nearly free from purines. Asparagus contains 8 mg. 
of purine nitrogen per 100 grams and must be avoided in devising a low purine 
diet. In such a diet protein must be contributed chiefly by eggs, milk and 
cheese. Fermented drinks are likely to be rich in purines derived from the 
yeast. There is said to be as much purine nitrogen in a liter of Munich beer 
as there is in 100 grams of beef. 

The effect of dietary purines. The effect of purine-containing foods on the 
urinary excretion of uric add has been already described, their influence on 
blood uric add appears to be much smaller, Denis (51) found that the blood 
uric acid of normal adults was not appreciably altered by the change from a 
high purine to a purine-free diet or vice versa, in periods of 5 to 10 days. In 
nephritic subjects the blood uric acid usually rose 1 to 2 mg. per 100 cc. on the 
high purine diet. 


TABLE 40 

Purine Nitrocen Content or Foods Analyzed by Borian and Schur (36, 38) 
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Proteins. Folin’s (62) observation that the addition of protein to a purine- 
free diet usually increases the uric add output has been repeatedly confirmed 
(159, 183, 204); but experiments of Rose (191) and of Leopold et al (132) 
indicate that if the high protein diet (89) is maintained for a few days the effect 
wears off and the uric acid excretion returns to its former daily rate. Lewis, 
Dunn and Doisy (136) found that the hourly output of uric add increased for 
a few hours after ingestion, not only of purine-free proteins, but also of their 
digestion products and the amino acids, glycine, aspartic acid, glutamic add 
and alanine. Borsook and Keighley (23) have made similar observations. 
Lewis, Dunn and Doisy (136) could detect no effect from ammonium chloride 
nor urea; but Borsook and Keighley (23) report that ammonium carbonate 
increases uric add excretion. 

Folin, Berglund and Derick (62), and Leopold, Bernhard and Jacobi (132), 
studying adults and children respectively, found that the addition of large 
quantities of protein to a purine-free diet decreased the blood uric acid at the 
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same time that it increased the uric arid excretion. The excretory increase was 
self-term inative. They therefore concluded that feeding protein increases the 
output of endogenous uric acid, not by accelerating its formation, but by 
facilitating its excretion. When excretion is accelerated by the products of 
protein digestion or other stimuli, it appears that more of the uric acid generated 
is eliminated in the urine before it can be destroyed or escape by other routes. 

Lieb and Tolstoi (13S) found that after subsistence on a diet exclusively 
composed of meat for 8 months the uric arid in the blood of a man rose slightly. 
In this case the hyperuricemia may have arisen not from the protein, but from 
the chronic ketosis induced by the extremely unbalanced diet- 

Since it has been proved that ammonia can definitely contribute to the 
formation of purines and pyrimidines, and through these of uric acid (6), all 
these facts assume new significance. Preformed purines are not the sole 
exogenous source of uric acid. If these substances actually promote the forma- 
tion of extra uric acid while proteins do not, it must be inferred that they are 
not utilized as efficiently for the formation of nucleotides or that they are more 
prone to be diverted directly to uric acid. If exogenous protein and ammonia 
do not increase the production of uric acid, the quantities of these substances 
used for the formation of purines and pyrimidines must be limited to the needs 
of the body or else in the process of degradation and elimination they must 
either form other substances than uric acid or all the uric acid formed in excess 
of a given constant quantity must be destroyed. 

Carbohydrate foods, like proteins, as a rule accelerate uric acid excretion (89, 
101, 183). 

Fats have the opposite effect, causing, as Harding and his collaborators 
(89, 90) and Adlersberg and Ellenberg (3) have shown, the output of uric acid 
to diminish, while the blood uric acid rises, sometimes to double the concentra- 
tion it has on an ordinary diet. Harding (89) suggests that the uric acid reten- 
tions observed both during starvation and on high fat diets are referable to 
ketosis. He observed that retention of uric acid in his cases was more closely 
related to ketonuria than to reduction of plasma bicarbonate. 

Diurnal r art aliens in uric acid excretion. From the above discussion it is 
apparent that the nature of the meals must influence the hourly excretion of 
uric acid during the day. When no meals are taken Neuwirth (169) observed 
during the working day a steady decrease in the hourly output. It began at 
about 25 mg. during the first two or three morning hours and fell to 10 or 12 
mg. by evening. On the other hand, when a purine-free diet was consumed 
Teathes (129) observed a lower excretion rate during the night than during the 
day. Such results might be expected from the stimulating effect of carbo- 
hydrate and protein foods on uric add excretion. 

Effects of starvation on uric acid in blood and uric acid. There is general 
agreement that starvation usually reduces the daily excretion of uric acid by 
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men. In 2 or 3 days the excretion may fall to half the ordinary endogenous 
level, e.g., from 300 mg. per 24 hours to 150. However, after 5 or 10 days the 
uric acid output seems to rise to the usual endogenous level (10, 130). The 
explanation for these phenomena was discovered by Lennox, O’Connor and 
Wright (131). The usual fall in excretion is accompanied by a rise of blood 
uric acid, which may double its concentration in a week. Hoeffel and Moriarity 
(99) noted in children a rise of blood uric acid to 10 to 12 mg. per 100 cc. at the 
end of a four-day fast. When, at the end of 5 or 10 days, the blood uric acid 
has attained its maximum level, the original rate of excretion is resumed. 
Production of uric acid apparently continues at about the same rate throughout 
the fast. 

Feeding of carbohydrate, protein or amino acids was found by Lennox (130) 
to restore in one or two days the activity of the kidney. The uric acid output 
rises in proportion to the elevated blood uric acid concentration to as high as 
twice the usual endogenous excretion. After a few days it returns to its original 
rate as the blood uric acid falls to the normal level. If fat is given, instead of 
carbohydrate or protein, the uric acid retention continues unchanged. Ad- 
ministration of thyroid or atophan causes the retained excess of uric acid to be 
eliminated and restores the blood uric acid to normal. 

The peculiar reaction to both a fat diet and starvation can not be attributed 
to acidosis. Lennox (130) found that the administration of sufficient NftHCOj 
to restore the plasma bicarbonate, previously reduced by fasting, neither 
lowered the blood uric acid nor accelerated its excretion. Furthermore, pro- 
duction of acidosis by giving CaCIj, if it also caused diuresis, led to rapid excre- 
tion of the retained uric acid by the kidneys. The retention of uric acid may 
be due to the withdrawal of carbohydrate from metabolism. Not only is 
endogenous uric acid retained during starvation; injected uric acid is also less 
rapidly eliminated (130). 

Effects of exercise on uric acid in blood and urine 

Burian (35) observed that heavy gymnastics increased the hourly output of 
endogenous uric acid in the urine to two or three-fold the resting rate. Even 
the change from bed rest to ordinary laboratory activity accelerated excretion 
as much as 30 per cent (35, 183). On the other hand, the total amount elimi- 
nated in the course of the day is hut little influenced by the diurnal activities 
(73). It was facts such as these, as we have seen, that convinced Burian that 
endogenous uric acid is formed chiefly in the muscles. Rakestraw (184) found 
that ten minutes’ severe exercise (stair running) was followed by a rise of blood 
uric add which, in one and one-half hours amounted to from 0.2 to 0.9 mg. per 
100 cc. in different subjects. Quick (180) daims that strenuous exertion de- 
creases uric acid excretion. This may be only part of the general inhibitory 
effect of such exercise on renal function. 
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Effects of normal pregnancy on uric acid of blood 

The majority of observers (95, 113, 114, 121, 176, 229) have considered, 
on the basis of infrequent observations, that the blood uric acid remainsnormal 
throughout pregnancy, -rising only during the process of labor. Bunker and 
Mundcll (32) and Harding, Allin and Van Wyck (91), however, have found 
that a rise may begin in the latter months of pregnancy and continue progres- 
sively until labor is ended. Slemons and Bogert (203), by a modified Folin 
method which gave 2 to 5 mg. as the normal figure, found from 2 to 6 mg. at 
the beginning of labor, and from 2 to 8 mg. at its conclusion. In four cases 
observed both at the onset and end of labor increases of 0 0, 1.5, 1.7 and 2.1 mg. 
were noted. They found high values at the end of labor more frequent in 
primiparae than in multiparae, and attributed the difference to the gieater 
muscular exertion of the primiparae during delivery. 

Uric acid in the blood and urine of infants 

In the urine of newborn infants uric acid is peculiarly abundant. It is 
likely to represent 7 or 8 per cent of the total nitrogen, compared with 1 or 2 
per cent in adults The concentration of uric acid is also high : Sjoqvist (quoted 
by Schloss and Crawford (197)) found an average of 232 mg. per 100 cc. in 20 
urines during the second day. After five to seven days it fell to 10 to 20 mg. 
The daily amount excreted per kilo during the first five days is from 12 to 30 
mg. (197) per kilo compared with the usual 7 to 8 mg. excreted endogenously 
by an adult. During the next few days the excretion sinks to 9 to 10 mg. per 
kilo. The cause of the high excretion during the first days remains uncertain. 

During the first days of life infarcts of urate or uric acid crystals usually 
appear in the urine (for literature and observations, see Schloss and Crawford 
(197)). The frequency with which they form is presumably connected with 
the high uric acid content of the urine. Sjoqvist (197) found that the deposits 
consisted chiefly of ammonium urate and free uric acid, whereas in the calculi 
of adults Na and K urates predominate. Apparently the infarcts redissolve 
readily for they are not common in older children. Even in later months of 
infancy' deposits of highly pigmented urate crystals are frequent, particularly 
when diarrhea causes the urine to be concentrated. 

In the blood at birth the uric acid content of the child is identical with that 
of Us mother (115, 203). Kingsbury and Sedgwick (115) report an average of 
3 mg. per 100 cc. at birth rising to 3.9 on the third day, and falling gradually 
to 1.6 on the eighth and thereafter. Lucas and others (145) reported similar 
figures, except for the temporary’ rise during the first two day's. By the earlier 
modification of the Folin method used, the values over 3 mg. would be above 



PURINES AND PYRIMIDINES 


967 


the upper limits for adults. Whether by present methods infants during the 
first few days would show blood uric acid higher than adults remains to be 
settled. 


The effects of drugs on uric acid metabolism 

Piperazine (33, 52), salicylates (49, 59), cinchophen and neocinchophen 
(52, 58, 68, 79, 157, 205) increase the excretion of uric acid, at the same time 
reducing its concentration in the blood. Denis (50) claimed similar powers for 
sodium benzoate, but these were denied by Lewis and Karr (137). Quick (179) 
found, indeed, that this drug diminished uric acid excretion, but that its effect 
could be prevented by glycine, and to some extent by alanine and pyruvic acid. 
He concludes that glycine, which facilitates the excretion of uric acid, is diverted 
by benzoate. In the Dalmatian hound, according to Grabfield, cinchophen 
(78) and salicylates (80) usually increase urine uric arid; but after denervation 
of the kidneys they have the opposite effect. It may be inferred that they act 
by altering the tubular reabsorption of uric acid. Kiirti (124) claims that 
cinchophen also increases the excretion of uric acid into the bile. 

Slander and Radelet (210) noted the appearance of uric acid in the blood 
of dogs after all the common anesthetics: ether, chloroform, nitrous oxide and 
ethylene. 

Myers and Wardell (168) have made an intensive study of the effects of 
various methylated purines on uric acid excretion. They found that urinary 
uric acid increased after the ingestion of caffeine and theophylline, but not after 
theobromine. They also discovered that 1 methyluric and 1,3 dimethyluric 
acids gave a color reaction with Benedict and Franke’s uric acid reagent (but 
not with Benedict and Hitchcock’s, see Volume on Methods). Other methyl- 
uric acids, and especially 3,7 dimethyluric did not give any reactions with 
these reagents. They call attention to the interesting fact that the methyl- 
uraVes ■which give color reactions with uric acid reagents are those which cor- 
respond to the methylated purines which increase uric acid excretion, while 
the methylurates which do not give color reactions correspond to methylated 
purines which do not affect urinary uric acid. For example, 1,3 dimethyl- 
xanthine (theophylline) increases urinary uric acid and 1 ,3 dimethyl uric acid 
gives a color reaction with the Benedict-Franke reagent; 3,7 dimethylxanthine 
(theobromine) and its corresponding dimethyluric acid are without effect on 
excretion and color production respectively. Myers and Wardell conclude 
that, although caffeine and theophylline undoubtedly give rise to some urinary 
uric acid, a fraction of each may be excreted as methylurate and contribute 
to the color produced in the analysis of the urine. The methylated xanthines 
themselves had no effect on the uric acid reagents. 
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Endocrine disorders 

According to ChaikofT and Larsen (41) the uric acid in the blood and urine 
of the Dalmatian hound rises after insulin when hypoglycemia becomes well 
established. This effect can be abolished by the administration of glucose. 
The same observers (42) claim that epinephrine increases the blood and urine 
uric add of Dalmatian hounds and the allantoin of other species of dogs. 
Removal of the adrenal medulla abolishes the effect of insulin, which Larson 
and Brewer (128), therefore, attribute not to the action of insulin per se, but 
to secondary' adrenal medullary activity. The relevance of these experiments 
to human physiology may be questioned. Rosenberg (192a), in an investi- 
gation of schizophrenic patients receiving insulin shock treatment, noted 
variable, but unquestionable, reductions of blood uric acid after injections of 
insulin. When the blood sugar was prevented from falling by the administra- 
tion of candy, the uric acid still dropped. Rosenberg cites other evidence 
that insulin accelerates the excretion of uric add. 

Schmidt (198) has found low blood uric acid in acromegaly. Beyond this 
no evidence has been discovered that the endocrine glands have any specific 
effect on uric acid metabolism. 

NUCLEOTIDES IN DISEASE 

As yet little significance can be attached to the concentration of nudeotides 
in the blood. Buell (30) gives the concentration of adenine nudeotide in 
whole blood of normal men and women as 22 to 37 mg. per cent, averaging about 
29 mg. per cent; the concentrations in blood cells are 50 to 80 mg. per cent, 
averaging 65 (adenine nucleotide N = 0.19 X adenine nucleotide). It is evi- 
dent from these figures that the substance is almost entirely confined in the 
cells. It is not surprising, therefore, that its concentration in blood varies 
directly with the hemoglobin (30) and the number of blood cells (5). Allen, 
Lucia and Eiler (5) have found that it varies with the numbers of red blood 
cells in all conditions except leukemia, in which it is affected by the numbers of 
leucocytes. In the latter condition its concentration in the plasma may also 
rise. Klein and Kolin (116) daim that the concentration of nucleotide in 
human blood cells can be increased by the administration of riboflavin. This 
they attribute to the formation of flavin-adenine dinucleotide. 

Insufficient thiamin, nicotinic acid or riboflavin in the diet gives rise to the 
disorders characteristic of defidencies of these vitamins. Presumably the 
concentrations in the tissues of the nucleotides which constitute the compounds 
in which these vitamins function as coenzymes are diminished in the tissues in 
these defidencies. The excretion of these vitamins or their products in the 
urine also decreases. Furthermore vitamin requirements appear to be aug- 
mented by physiological or pathological disorders that accelerate the general 
metabolism. 
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URIC ACID IN DISEASE 

Gout 

Gout is a disease characterized by the deposition of urates in solid form 
in the tissues. These deposits occur chiefly in or on the cartilages and the 
tendons about the joints. They may be found as tophi on the cartilage of the 
ear. The disease is marked by attacks in which the crystals of urate accumu- 
late rapidly, causing inflammatory reactions in and about joints. With sub- 
sidence of the attack the deposits may be reabsorbed, leaving no immediate 
residua. Eventually, however, the deposits become permanent and cumu- 
lative, chronic inflammation is set up about them and deformity results. In 
addition patients with gout are prone to develop arteriosclerosis and hyper- 
tension with their attendant cardiac and renal consequences. The exact 
relation of these and other associated disorders which have been described 
to the disturbance of uric acid metabolism that is the true distinguishing 
feature of gout is uncertain. 

Garrod (72) in 1853 discovered the nature ol the deposits in the disease, 
demonstrated the increased concentration of uric acid in the blood with a 
quantitative accuracy astonishing in view of his limited facilities, and offered 
as an explanation of the hyperuricemia diminished renal excretion of uric acid. 

Subsequent workers, using more refined methods of analysis, have confirmed 
Garrod’s observation that the concentration of uric acid in the blood of gouty 
subjects is usually abnormally high. Hill (97) and Jordan and Gaston (110) 
found whole blood uric add greater than 4 mg. per 100 cc. in 90 per cent of a 
series of gouty patients. In 21 cases of gout studied by Jacobson (106) the 
concentration of uric acid in the plasma exceeded 6 mg. per cent in 174 of 177 
determinations, 98 per cent. In Brjfchner-Mortensen’s (28) 30 cases (see 
figure 62) the incidence of hyperuricemia was only 75 per cent. In every series 
are reported patients with normal blood and plasma uric acid. Furthermore 
it is generally agreed that the degree of uricemia bears no relation to the severity 
or the activity of the disease (97, 106). It is not appreciably altered during 
acute attacks of gout (28, 106, 214). It is possible that a better correlation 
between gout and plasma uric add would be found if the plasma was analyzed 
by a more specific method. 

A considerable proportion of gouty subjects with high blood uric add also 
have elevated blood urea (66, 67, 76). Since gout is frequently associated with 
pathological changes in the kidneys, it has been suggested that the hyperuri- 
cemia of the disease may be only a manifestation of renal insufficiency. Schnit- 
ker and Richter (199), however, could detect no correlation between the blood 
uric add and other criteria of renal or vascular disease in gout and Jacobson 
(106) found no evidences of renal insufficiency in patients who had high blood 



970 


PROTEIN METABOLISM 


uric acid. Brjfchner-Mortensen (28) even reports normal uric acid clearances 
in gouty patients. 

In 5 gouty subjects studied by Pratt (177) feeding thymus increased the 
blood uric add on the average 2 mg. per 100 cc., whereas he and Denis (51) 
agreed that in normal subjects under similar conditions it rose only 0.1 mg. 
This suggests that the gouty tend to accumulate uric acid in their blood more 
readily than do normal men, Br^chncr-Mortensen (28) found that uric acid 
clearances sometimes rose less after the administration of sweetbreads or uric 
acid in gouty than they did in normal individuals. Wien Jacobson's (106) 
cases, however, were fed low-purine diets the blood uric acid fell only equi- 
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Tig 62. The uric acid of serum In: (1) normal subjects; (2) patients with polj arthritis; 
(3) patients with gout. From Br^chncr-Mortensen (26). 


vocally. Moreover, whatever may have been the effects of high purine diets 
on the blood uric acid, Br^dmer-Mortensen (28) could find no evidence that 
they precipitated acute attacks of gout. McEwen (156), on the contrary, 
claims that diets high in either purines or fat raise blood uric acid and provoke 
acute attacks. He suggests that this reaction may aid in establishing a diag- 
nosis. His data do not altogether bear out his thesis. The high fat diet did 
not consistently raise blood uric acid nor precipitate attacks (this diet was not 
ketogeruc, containing 50 grams of carbohydrate, and contained little protein). 
The high purine diet regularly increased blood uric add to a variable extent, 
but symptoms were not correlated with the concentrations of uric add in the 
blood. 

Pratt (177), Folin, Berglund and Derick (65) and others (13, 29) reported 
reduction of the output of endogenous uric acid in some gouty patients; but 
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this is not invariable. Of the 9 patients, for example, studied by Folin, Berg- 
Iund and Derick, on purine-free diets, 5 excreted 3.6 to 6.1 mg. per kilo, less 
than the usual 7 to 8 mg.; but 3 excreted excessive quantities, 9 to 11 mg. per 
kilo. B rjfchne r-Mortensen’s (28) patients excreted normal amounts of uric 
acid. 

Acute attacks may be accompanied by fluctuations of the endogenous uric 
acid output (29, 123, 177). His (98) believed that these followed a consistent 
cycle related to the attacks, the onset of an acute attack being marked by a 
high rate of excretion. Talbott, Jacobson, Oberg (213, 214) and others were 
unable to demonstrate any relation between the rate of uric acid excretion 
and the acute episodes of the disease. 

There is quite as great difference of opinion concerning the excretion of 
exogenous uric acid. McClure and Pratt (154) from a tabulation of published 
observations concluded that gouty subjects excreted less than the usual quan- 
tities of uric acid after they had received meat and purines. There were, how- 
ever, signal exceptions to this rule. Folin, Berglund and Derick (65) found 
that only 15 to 41 per cent of injected uric acid appeared in the urine of patients 
with gout, as compared with an average of 50 per cent excreted by normal 
persons. The gouty patients investigated by Talbott and Coombs (213) not 
only excreted normal quantities of uric acid, but also excreted it in high con- 
centration. 

These conflicting observations throw little light on the hyperuricemia of gout. 
The kidneys have generally been held responsible, but can not be consistently 
incriminated. There is no evidence that the formation of uric acid is in- 
creased; there is less evidence that its destruction in the body is diminished. 
Indeed, the evidence at hand seems to indicate that it is enhanced (65, 154). 

Thannhauser (217) divides gout into two categories: primary gout which 
arises from impairment of the renal excretion of uric acid, and secondary gout 
which is only a complication of renal disease. The functional impairment 
of the kidneys in primary gout he attributes to some disturbance of the renal 
tubular cells or of the sympathetic nervous system. Grabfieid (78) has also 
suggested that the sympathetic nervous system may be at fault on the basis 
of the experiments cited above on the effects of renal denervation on the ex- 
cretion of uric acid after cinchophen and salicylates. All these theories 
postulate, as a consistent feature of the disease, deficient excretion of uric acid, 
which has not been clearly demonstrated. Labbe, Violle and Nepveux (127) 
have proposed that the disease is characterized by the formation of types of 
uric acid that arc excreted with difficulty by the kidneys. This theory' is open 
to the same objections as the others and, in addition, hypothecates entirely 
supposititious chemical compounds. 

Support for the renal origin of gout has been found in the past in the fact 
that the most distressing symptoms and signs of the disease may be relieved 
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by cindiophen and salicylates, which accelerate the excretion of uric acid in 
gouty as well as normal subjects (106). The weight of this argument is some- 
what offset by the strikingly beneficial effects of colchicine, which apparently 
has no influence upon uric acid metabolism (106). Furthermore, although 
salyrgan diuresis may strikingly accelerate the excretion of uric acid, it has 
been known to precipitate acute attacks of gout (178). 

Even if the reasons for the hyperuricemia of gout were clear, the deposition 
of crystals of urate in the tissues would still remain unexplained. It might 
be presumed that elevation of the concentration of uric acid in the blood would 
enhance any tendency to crystallization in the body. Acute attacks of gout, 
however, may occur while the blood uric acid is not elevated and arc not regu- 
larly accompanied by any characteristic change of blood uric arid. It is 
hazardous to speculate about the solubility of uric acid in the tissues; but it 
seems doubtful whether its solubility in plasma is exceeded in gout. At any 
rate blood uric acid is known to rise far higher in leukemia and nephritis without 
causing gout or abnormal deposits of uric arid. Some factor in addition to 
hyperuricemia, therefore, must be active in the etiology of gout. By analogy 
with other diseases in which some especial chemical substance accumulates in 
local deposits, the logical place to seek this factor would seem to be the par- 
ticular tissues which are affected. Peculiar conditions in these sites may 
determine the localized accumulation of uric arid in abnormally high concen- 
tration or the production of conditions particularly favorable for its precipi- 
tation It is even conceivable, though this may be somewhat fanciful, that 
the excess of uric acid in the blood is maintained from these deposits, reversing 
the usual view. 

High blood uric acid is no proof of gout (28, 106, 148, 149), since it may be 
equally high in nephritis, leukemia and a variety of other conditions. The 
positive diagnosis of gout may be aided, but not established, therefore, by the 
presence of high blood — or better, plasma— uric acid. On the other hand, 
if the uric acid of the plasma is repeatedly and consistent)) - normal or low in a 
suspected case, it is hazardous to make the diagnosis of gout. 

In addition to the administration of cinchophen, salicylates and colchicine 
during acute attacks, the treatment of gout in the past consisted of limiting 
piriuss. iw the d«\. TV, vs, ct&zSAs xestsktVon espemWy of meat, and kgvrffiJts 
and usually involves simultaneous limitation of protein. With the more recent 
knowledge of the effects of diet on uric acid excretion restriction of fat and a 
generous supply of protein and carbohydrate, with emphasis upon the latter, 
has been advocated. Good results have been reported by certain observers 
(7, 139); but the course of the disease is so irregular that the benefits from any 
dietary regime are hard to evaluate. If reduction of blood uric arid and 
acceleration of uric arid excretion are desirable, diets constructed on these 
principles should be more advantageous than ‘hose previously employed. 
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It has recently been proposed on the basis of experiments with avian gout 
(see below) that uncase injections be used in the treatment of human gout. 

Avian gout. It has been recognized since the pioneer experiments of Min- 
kowski that the uric acid of birds is highly susceptible to the influence of ex- 
ogenous protein. This would have to be since birds excrete nitrogen chiefly 
as urates. It has also been known that birds may develop a condition com- 
parable to gout with urate deposits about the joints. This disorder has re- 
cently been subjected to experimental study by Bollman and Schlotthauer (20) 
in the turkey. The concentration of uric acid in the blood of these birds aver- 
ages, by the usual Folin or Benedict techniques, about 6 mg. per cent, with 
variations from 3 to 14 mg. It rises rapidly after meals, especially when 
these contain protein; it falls when food is withdrawn. After a feeding of meat 
it may reach concentrations of 15 to 24 mg. per cent, but returns to normal 
after 18 to 24 hours without food. If the birds are given meat diets over 
periods of several weeks, the blood uric acid rises still further and crystalline 
deposits of urates appear about the joints, with inflammatory reactions com- 
parable in location and character to those of human gout. Upon resumption 
of a normal diet the blood uric acid fell to usual levels, but the tophi only 
partly disappeared. It is of interest that cinchophen had no effect on the 
condition whatever. 

Oppenheimer and Kunkel (172) have made similar observations upon 
chickens. They were able by injections of active preparations of uricase to 
prevent the blood uric acid from rising after a meat diet, or to reduce it if it was 
already elevated. The development of tophi could also be prevented by these 
injections; but once they were established, the deposits were not appreciably 
affected by uricase. Uricase injections neither lowered the blood uric acid nor 
alleviated the symptoms of a patient with gout. It was, however, impossible 
to give him doses comparable in size to those given to chickens. 

Although these experiments are intriguing, their applicability to human gout 
is questionable. Birds have no alternative but to form uric acid from all the 
protein they receive because they lack the ability to convert ammonia to urea. 
They also lack the power to destroy any uric acid that is formed; they can only 
excrete it in the urine. It is possible, therefore, to raise the concentration of 
uric acid in avian blood to levels that are unknown in man and to maintain it 
at these levels for indefinite periods. Humans are not obliged in the same 
sense or to the same degree to form uric acid, and in addition are able to destroy 
it, presumably by virtue of the posession of uricase. The tendency for uric 
add deposits to occur in the same locations in both spedes suggests that there 
is in the periarticular tissues some feature that favors the precipitation of 
urates. 
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Diseases of the kidneys 

The frequent occurrence of abnormal amounts of uric acid in the blood of 
patients with Bright’s disease, first noted in 1848 by Garrod (71), has been 
repeatedly confirmed. The use of blood uric acid as an aid to the diagnosis 
of nephritis was introduced by Myers and his collaborators (165, 166, 167) 
who contended that in conditions of renal insufficiency uric acid rose in the 
blood before either urea or creatinine was affected. Subsequent work has not 
substantiated these claims and determination of uric acid, as a criterion of renal 
function, has been largely abandoned Folin and Denis (66, 67), Woods, (232) 
and others found normal blood uric acid in some cases of nephritis with marked 
retention of nonprotein nitrogen and urea. Even in Myers’ studies (167) 
similar observations appear. In a group of 87 patients with nephritis Hol- 
brook and Haskins (100) found blood urea high in 86 per cent, creatinine in 
60 per cent, uric acid in only 30 per cent. Feinblatt (55, 56) and others have 
noted sudden diminutions of uric acid in the terminal stages of nephritis. On 
the other hand, hyperuricemia occurs with considerable frequency in indi- 
viduals who present do evidences of retention of other nonprotein nitrogenous 
constituents and no definite signs of renal disease (24, 55, 198, 230). Brjfchner- 
Mortensen (27) found uric acid clearances relatively well preserved in some 
patients with advanced renal disease 

In 2 cases of bichloride poisoning Gatewood and Byfield (74) measured the 
blood nitrogen partition at intervals. In each case the blood uric acid remained 
stationary during two days, while the urea nitrogen rose 20 mg. per cent. 
Subsequently the uric acid increased, at the end of two weeks reaching maxi- 
mum values of 8.9 and 9.7 mg. per cent. Looney (144) in one case found that 
blood uric acid rose but little during a period of complete anuria. BrjJchner- 
Mortensen (27), while admitting that in nephritis uric acid may rise before 
urea in the blood, claims that it docs not continue to rise above a maximum 
level, usually 12 to 14 mg. per cent, whereas urea continues to rise indefinitely. 
These phenomena are not hard to understand when it is recognized that a large 
part of the uric acid produced in the body is destroyed or excreted by other 
organs than the kidneys. Ktirti (124, 125) has found that the uric acid in 
gastric contents and in bile rises in nephritis 

On the whole, although the uric acid of the blood is usually above normal 
in patients with nephritis when renal function is obviously impaired, and al- 
though it may, in certain cases, reach extreme heights, it is so capricious in 
renal disease and so easily influenced by factors other than the integrity of the 
kidneys that it is a highly unreliable procedure for the diagnosis of kidney 
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Toxemias of pregnancy 

Most observers agree that hyperuricemia is the most consistent chemical 
change encountered in the blood of patients with pregnancy toxemias (40, 91, 
95, 113, 114, 176, 203, 209, 229), but it is of no aid in differentiating the various 
pathologic conditions included under this term (40, 114, 203, 229). It is no 
more correlated with nonprotein nitrogen in these conditions than in nephritis. 
Killian and Sherwin (113) reported a fatal case in which the uric acid fell while 
the urea and nonprotein nitrogen steadily rose. Hellmuth (95) found that the 
uric acid excretion rose with the blood uric acid in some instances. According 
to Schaffer, Dill and Cadden (195) uric acid clearances are diminished in pre- 
eclampsia. 

Diseases of the liver 

In dogs Mann and his associates (17, 18, 150, 151) found that complete 
hepatectomy was followed by the appearance in the urine of large amounts of 
uric acid. Injected uric acid is also excreted in the urine unchanged (19). 
This is interpreted as evidence that the hepatic function of uricolysis is abol- 
ished. Even in lesser degrees of liver injury more uric acid was excreted than 
is normal for be dog. Maddock and Svedberg (147) have reported that 
monkeys react similarly to removal of the liver. This is to be expected since 
these animals, like the dog, excrete purines chiefly as allantoin (187). Never- 
theless, in monkeys with experimental yellow fever, Wakeman and Morrell 
(221) could demonstrate no important changes in the uricracid of blood or urine 
even in the terminal stage of the disease when the blood sugar had fallen to 
extremely low levels and deaminization was greatly impaired. 

In humans the specific effects of liver disease on uric acid of blood and urine 
are still uncertain. In cholecystitis and other diseases of the gallbladder 
(22, 55, 96) blood uric acid is frequently moderately elevated when the other 
nonprotein nitrogen fractions are normal. Similar increases have been ob- 
served in other abdominal disorders (8, 24, 221). Chauffard, Brodin and 
Grigaut (44) report hypouricemia in patients with icterus, but this has not 
been confirmed by other observers. In a case of fatal chloroform poisoning 
(207) and in a woman with acute yellow atrophy of pregnancy (208) high blood 
uric acid was found by Stander. - In the latter case, however, extreme hyper- 
glycemia had been produced by injections of concentrated dextrose solutions, 
blood amino acids were not extremely high, nor was blood urea reduced to a 
minimum. The state of the kidneys is not mentioned. Penido (174) claims 
that in yellow fever the course of the blood uric acid tends to parallel that of 
the blood urea, rising above normal in mild cases, falling to low concentrations 
in the fatal cases. In terminal stages of acute yellow atrophy Rabinowitch 
(182), Schmidt (198) and Tauber (215) reported blood uric acid greatly re- 
duced, in fact in Tauber’s case only traces w ere found. On the whole it seems 
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highly doubtful whether animal experiments have any important bearing on 
problems of human pathology as far as liver function in uric acid metabolism 
js concerned. It must be recognized that, since uric acid is a constituent of 
bile, the liver may both excrete and destroy it. In this case the two functions 
may become dissociated in disease. This would explain the apparently con- 
tradictory findings of various observers. 

Miscellaneous conditions 

In leukemia (47, 66, 67, 69, 148, 198), polycythemia (104), lobar (47, 67, 225, 
226) and broncho (198, 226) pneumonia high blood uric acid has been reported 
by the majority of observers. This has been attributed to the liberation of 
nuclear material from the disintegration of leucocytes. Martin and Denis 
(153), however, found that x-ray treatment, which diminished the leucocytosis 
of leukemia, had little effect on the uricemia. In polycythemia, according to 
Huffman (102), treatment with phenj-lhydrazinc also fails to lower the uric 
arid of the blood. Hyperuricemia is not invariably seen in pneumonia and is 
quite as common in influenzal as in lobar pneumonia (226), although in the 
former leucopenia, not leucocytosis, is the rule. The uricemia in these con- 
ditions may be due to the rapid autolysis of tissue rather than to disintegrated 
leucocytes. Krafka (120), from comparisons of blood uric acid with reticulo- 
cyte counts, concludes that it is derived from the extruded nuclei of erythro- 
cytes. Riddle (189) claims that in the remissions of pernicious anemia, a dis- 
ease in which it is sometimes elevated (75, 112), blood uric acid parallels the 
reticulocyte count. 

In arteriosclerosis with hypertension (51, 55, 126, 157, 167) and in cardiac 
decompensation (51, 67, 225) uric acid is increased more often than any other 
nitrogenous constituent of the blood. In some instances this may be a sign 
of renal insufficiency; but it may occur in patients who present no other evi- 
dences of serious renal impairment (61, 126). Williams (230) attributes the 
high blood uric acid of heart failure to hepatic congestion. 

In obstruction of the alimentary tract (86, 87, 88) and m alhrepsia and diarrhea 
of infants (200) blood uric add is usually little affected, even when the non- 
protein nitrogen and urea are considerably increased. Increases have been 
reported in the acute infections of childhood (228a), in seterc diabetes (164), 
in chronic eczema and allied dermatoses (196) and in fatal methyl alcohol poison- 
ing (181). 

Wien all is said and done the determination of uric acid in blood and urine 
stiff offers little aid to the clinician. In spite of the enormous volume of work 
which has been done on the subject, the metabolism of this substance, so 
distinctively human, in physiologic and pathologic conditions alike, remains 
peculiarly obscure. The obscurity is deepened by the unsatisfactory stale of 
analytical procedures applicable to blood. It must again be emphasized 
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that in almost every instance values given for uric acid of whole blood, or 
even plasma, must be accepted with reservations. 
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Adrenal cortex, ascorbic add in, 600 
cholesterol esters in, 413, 590, 599 
cholesterol of, effect of adrenotrophic hor- 
mone, 506, 599 
effect of starvation, 506 
effect on basal metabolism, 60 
effect on blood amino add, 801 


effect on carlwhydrate metabolism, 246, 
248. 260 
in anoxia, 260 
effect on ketosis, 505 
effect on lipid metabolism, 505 
estrogens formed from, 597 
extract, effect on carbohydrate metab- 
olism, 243, 247 

effect on liver and muscle glycogen, 247 
effect on protein metabolism, 247, 669 
17-ketosteroids from, 593 
preguanediol from, 598 
progesterone from, 601 
steroids, 248, 599 
17-ketosteroids from, 60 
that affect carbohydrate metabolism, 
248 

Adrenal cortical activity of urine, 601 
Adrenal medulla, effect on carbohydrate 
metabolism, 243 

Adrenal removal, basal metabolism after, 60, 
246 

blood glucose after, 246 
blood nonprotein nitrogen after, 669 
blood urea after, 852 
effect after pancrentectomy, 246 
effect of sodium salts on, carbohydrate 
metabolism after, 246, 248 
effect on ketosis from pituitary extract, 502 
fat absorption after, 505 
insulin sensitivity after, 246 
liver and muscle glycogen after, 246 
progesterone prolongs life after, 602 
protein metabolism after, 246, 669 
serum cholesterol after, 505 
Adrenocortical syndrome, basal metabolism 
in, 60 

blood urea in, 852 
carbohydrate metabolism in, 337 
estrogenic activity of urine in, 597, 601 
gfucose tolerance in, 33T 
17-ketosteroids of urine in, 593, 596, 601 
preguanediol in urine in, 598, 601 
serum lipid in, 505 
Urea clearance in, 852 
Adrenotrophic hormone, 58, 237, 243 
effect on carbohydrate metabolism, 243 
effect on cholesterol of adrenal cortex, 506, 
599 

Aerobic metabolism of muscle, 122 
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Age, effect on basal metabolism, 30, 31, 32 
effect on blood amino add, 803 
effect on blood and urine uric add, 966 
effect on blood glucose, 165 
effect on blood nonprotein nitrogen, 665 
effect on estrogenic activity of urine, 596 
effect on glucose tolerance, 180, 186 
effect on ketosis, 494 
effect on protein metabolism, 665 
effect on protein requirement, 659 
effect on scram lipid, 475 
effect on urea clearance, 848 
effect on urine creatine, 908 
effect on urine creatinine, 909 
effect on urine 17-ketosteroids, 592, 593 
Alanine, formed from pyruvic add, 750 
glycogen formed from, 731, 750 
d-isomer utilized, 731, 750 
not essential, 731, 750 
structure, 738 

Albuminuria, see Proteinuria 
Alcaptonuria, from phenylalanine and tyro- 
sine, 761 

homogentistic add In urine in, 761 
f-hy droxyphenj Ipynivic add in urine in, 
763 

ochronosis in, 761 

of guinea pigs, ascorbic add prevents, 
762, 764 

Alcohol, effect on carbohydrate metabolism, 
259 

effect on metabolism, 64 
respiratory quotient of, 64 
Aldehyde radicles in sugars, 97 
Aldose, structure, 98 

Alimentary obstruction, see Gastrointes- 
tinal obstruction 

Altai", tfencit, from epinephrine, 2-tS 
in ketosis, 38, 39, 455, 504, 511 
urine ammonia in, 881 
excess, blood lactic add in, 206 
ketosis in, 495 
urine ammonia in, 883 
reserve, see Bicarbonate of blood and 
serum 

Alkalosis, see Alkali excess and COj defidt 
Allantoin, 960 

Allergy, insulin resistance from, 316 

AUochosterol, 397 

Alloxan diabetes, 256 

Mtitude, effect on blood lactic add 205 


Amin o add, absorption, 793 
ammonia from, 741, 874 
amphoteric nature, 731 
as substitute for protein, 640, 795, 810 
buffer action, 731 
classification, 736 

creatine and creatinine formed from, 749, 
782, 899 

deamination, 633, 640, 742, 793 
effect of insulin, 224, 255 
decarboxylation, 633, 742 
distribution in blood, 635, 800 
distribution in body, 801 
essential, 655, 731, 739 
fatty add formed from, 741 
formed from ammonia, 742, 874 
glycogen formed from, 111, 139, 731, 741 
injections as substitute for protein, 810 
in protein, 632 
in spinal fluid, 800 
in tissues, 801 

ketones formed from, 446, 731, 741 
nature, 362, 729 

of blood, after amino add administration 
as test of liver function, 802, 807 
after hepatectomy, 675, 806 
after nephrectomy, 703 
after pancreatectomy, 219 
after thyroidectomy, 804 
after traumatic injuries, 808 
effect of adrenal cortex, 804 
effect of age and sex, 803 
effect of anterior pituitary extracts, 672, 
804 

effect of drugs and poisons, 804 
effect of epinephrine, 804 
effect of hemorrhage, 261, 808 
effect of injecting protein AyoWysrCes, 
802 

effect of insulin, 219, 225, 804 
effect of liver poisons, 806 
effect of pitressin, 804 
effect of protein ingestion, 792, 793, 602 
effect of vitamins, 804 
in acute yellow atrophy of liver, 675. 
807 

in anemia, 809 
in diabetes, 806 
in heart failure, 809 
in hyperthyroidism, 804 
in infections, 80S 
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Amino add, of blood— Cont. 
in lactation, S06 
in leukemia, 809 

in liver disease and degeneration, 675, 
806 

in malnutrition, 803 
in nephritis, 68S, 692, 807 
in nephrosis, 80S 
in pregnancy, 806 
in shock, 342, SOS 
in starvation, 803 
in uremia, 807 
in yellow (ever, 676 
normal concentration, 635, 800 
of urine, after Intravenous injection of 
amino acids, 802 

after Intravenous injection of protein 
hydrolysates, 802 
effect of diet, 802 
effect of diuresis, 801 
in acute yellow atrophy of liver, 676, 
807 

In infections, 680 

in liver disease and degeneration, 675 
in yellow fever, 676 
normal, SOI 

optical activity, 730, 731 
protein formation from, 731 
rcaminalion, 743 
specific dynamic action, 33 
structure, 632, 729, 737 
synthesis in body, 742 
urea formation from, 633, 741, 794 
utilization by muscle, 797 
d-Amino acid oxidase, 745 
J-Amino acid oxidase, 745 
Ammonia, amino acid from, 742, 874 
base conserving function of, 8S0, 883 
excretion, sec Ammonia of urine 
formation, see also Ammonia of urine 
by glutamic acid, 757, 758, 874 
by glutarmnase in kidney, 758, 798, 
874, 876, 877 

from adenosine triphosphate, 875, 876, 
878, 941 

from adenylic add, 941, 947 
from amino acid, 741, 874 
from glutamine, 757, 798, 874, 878 
from protein, 633 
in kidney, 758, 798, 874, 876, 877 
in nephritis, 889 


in feces, 877 
in gastric juice, 643, 876 
in intestinal contents, 877 
in saliva, 876 

in spinal fluid, 876 , 

in sweat, 6(3 

of blood, after hepatectomy, 873, 889 
after nephrectomy, 703 
effect of ammonium tails, 873, 8*6 
in liver disease, 8S8 
in nephritis, 890 
normal, 875 
of portal vein, 876 

of urine, effect of acidifying measures, 
878, 880, 883, 8S6 
effect of caldum chloride, 883, 884 
effect of hot baths, 883 
effect of phosphoric arid, 883 
effect of sodium bicarbonate, 883 
in Addison’s disease, 891 
in alkali defidt, 881 
in alkali excess, 883 
in bladder infections, 891 
in CO- defidt, S83 
in CO2 excess, 881, £86 
in cxerdse, 664, 8$6 
in infections, 6S0 
in ketosis, 884, 885, 888, 890 
in nephritis, 889 
in overventilation, 883 
in oxygen want, 883 
in pregnancy and pregnancy toxemias, 
887 

in starvation, 648, 65J, 884, 885 
in urinary tract infections, 891 
normal, 887 

origin and rite of production, 877 
relation to acid-base balance, 878, 880 
relation to base, SS2 
relation to nitrogen, 887 
relation to pH, 880 

relation to protein metabolism, 654, 879 
relation to serum bicarbonate, 8S2, 887, 

sss 

relation to urine urea, 879 
production in alimentary tract, 876, 877 
production in blood, 875 
protein formed from, 873 
purines and pyrimidines from, 945 
site of formation, 633, 874, 878 
stimulus to production, 8S1 
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toxic action, 875 

urea formed from, 635, 798, 839, 873, 874 
Brie acid formed from, 944 
Ammonium chloride, acidifying effect, see 
Ammonium salts 
effect in nephrosis, 701 
effect on CCfe elimination, 24 
effect on respiratory quotient, 24 
Ammonium salts, effect on add-base balance, 
875 

effect on blood ammonia, 873, 876 
Amniotin, diabetes alleviated by, 249 
Amylase, digestion of sugars by, 103 
distribution in blood and tissues, 211 
excretion in urine, 212 
from pancreas, 215 
hydrolysis of glycogen by, 113, 211 
of blood, 211 
of urine, 211 

test of renal function, 212 
Amyloid nephrosis, see Nephrosis, amyloid 
Anaerobic metabolism of muscle, 26, 119, 
120, 205 

Androgenic activity, see 17-ketosteroids 
Androgens, effect on urine 17-ketosteroids, 
593 

Androstcrone, conjugated by liver, 492 
structure and nature, 591 
Anemia, basal metabolism in, 37, 72 
blood amino add in, 809 
blood cell lipid in, 537 
blood glucose in, 353 
blood nonprotein nitrogen in, 67 6, 677 
blood uric add in, 976 
from choline, 537 
protein metabolism in, 676 
serum lipid in, 536 
Anesthetics, see Dntgs and poisons 
Anorexia nervosa, basal metabolism in, 61 
blood gtucose in, 336 
carbohydrate metabolism in, 336 
glucose tolerance in, 336 
Anoxia, see Altitude and Oxygen want 
Antirachitic vitamin, see Vitamin, antira- 
chitic 

Aqueous humor, glucose in, 156 
urea in, 835 

Arabinose, absorption, 105 
d-Arabinose, structure, 99 
1-Arabinose, in urine In endogenous pen- 
tosuria, 213 


Ara chi dome add, essential food constituent, 
379, 407, 425 

Arginase, urea formed by, 780, 781, 794, 
810 

Arginine, creatine formed from, 749, 782, 
899 

defiaency, effect on spermatogenesis, 780 

effect on insulin, 234 

essential, 731, 779 

glycogen formed from, 731, 780 

guanidoacetic add formed from, 749, 782 

d-isomer utilized, 780 

phosphate, 123 

structure, 737, 779 

urea formed from, 780, 781, 840, 874 
ArsenochoJine, lipo trophic action, 427 
Arteriosclerosis, blood uric acid in, 976 
carbohydrate metabolism in, 341 
from cholesterol, 481, 501, 534 
of gout, 969 

relation to diabetes, 299, 341 
relation to serum cholesterol, 510 
serum cholesterol in, 534 
Arthritis, glucose tolerance in, 353 
Ascorbic add, alcaptonuria of guinea pigs 
prevented by, 762, 764 
defidency, /•-hydroxjphenylpyruvic add 
in urine in, 763 
in adrenal cortex, 600 
in metabolism of phenylalanine and tyro- 
sine, 762, 761 

Aspartic add, functions, 756, 759 
glycogen formed from, 731, 759 
not essential, 756 
structure, 738 

transaminating action, 744, 759 
Assimilation, see Absorption 
Asthma, blood lactic add in, 353 
Atheroma, see Arteriosderosis 
Atropine, effect on sweating, 52 
Augmentation limit of urea excretion, defi- 
nition, 840 

“Auspumpung”, see 0> erven tila lion 
Autoglycolysis, in blood, 115, 155, 161 
lactic add formed in, 161, 201 
in exudates, 162 
in spinal fluid, 162, 255 
Autonomic imbalance, see Effort syndrome 
Azotemia, seeJNonprotein nitrogen, of blood 
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Bacterial endocarditis, set Endocarditis, 
bacterial 

Basal metabolism, see Metabolism, basal 

Base conserving function of ammonui, 880, 
8S3 

Base of serum, in ketosis, 5M, 511 
in pregnancy, SOS 

Base of urine, relation to ammonia, 8S2 

Basophilism, basal metabolism in, 59, 60 
blood nonprotein nitrogen In, 674 
blood urea in, 852 
carbohydrate metabolism in, 336 
protein metabolism in, 670, 674 
scrum lipid in, 503, 505 
urea clearance in, 852 

Benzoic acid, hippuric acid formation from, 
746, 74S 

Beriberi, basal metabolism in, 37 

Betaine, ethanolamine from, 412 
glycine from, 746 
Upo trophic action, 427 
structure, 380 

Bicarbonate, administration, see also Sodium 
bicarbonate 

effect on urine a trie arid, 210 
lactate as substitute for, 207 
of serum, effect of dihydroxyacetone, 36, 
136 

effect of epinephrine, 245 

effect of exercise, 47 

effect of fructose, 35, 136 

effect of sucrose, 35, 136 

in diabetic ketosis, 322, 323, 504, 511 

in oxygen want, 205 

in pregnancy, 508 

in starvation, 38 

relation to urine ammonia, 882, 887, 8S8 
permeability of tissue cells to, 24 

Bile adds, see also Cholic add 
absorption of, 339, 402 
conjugation of, 459 
effect of diet on excretion, 459 
enterohepatic drculation of, 458 
fatty adds combine with during absorp- 
tion, 396 

Bile, cholesterol in, 388, 397, 398, 456 
composition, 393, 394 
creatinine in, 902 
effect on fat absorption, 393, 396 
estrogens in, 597 
fatty add in, 394 


glucose in, 157 
lipase activated by, 394 
lipid in, 394 
phospholipid in, 394 
taurine in, 788, 789 
urea in, 836 

Bile duct obstruction, carotene of feces In, 
612 

effect on absorption of fat and protein, 519 
serum cholesterol in, 456, 457, 523, 524, 
527 

serum lipid in, 523, 524, 527 
vitamin K defidcncy from, 620, 621 
Biotin, fatty liver from, 431, 434 
Birth paresis, see Hypoglycemia of lactation 
Black* ater fever, blood nonprotein nitro- 
gen in, 706 

Bladder infections, urine ammonia in, 891 
Blood, ammonia production in, 875 
autoglycolysis in, 115, 155, 161 
lactic arid formation in, 161, 201 
cells, adenosinetriphosphate in, 161, 634 
635, 939, 963 

creatine and creatine phosphate in, 161 
ergothioneinc in, 792 
glucose utilized by, 115 
hexosephosphate in, 161 
lipid of, 474 
in anemia, 537 

permeability to glucose, 109, 155 
phospbogl> cerate in, 161 
coagulation, role of cepbalins and sphin- 
gomyelin in, 386 

distribution, of amino add in, 635, 800 
of amylase in, 211 
of cholesterol in, 474 
of creatine in, 635, 902 
of creatinine in, 635, 901 
of glucose in, 109, 155 
of ketones in, 487 
el lactic add in, 20) 
of lipid in, 474 
of nonprotein nitrogen in, 635 
of phospholipid in, 474 
of urea in, 635, 846 
of uric add in, 63S, 958 
glucuronic add in, 160 
homogentisic add in, 160 
non-fermentable sugar in, 155, 159 
portal, lipid absorbed into, 399 
Brain, carbohydrate sole fuel of, 138 
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cholesterol in, 387 

function of glycogen In, 222, 229 

glucose in, 158 

injuries, blood glucose and glucose toler- 
ance in, 252 

insulin not needed by, 221 
lactic add utilized by, 204 
lipid metabolism of, 465 
respiratory quotient of, 138 
Bright’s disease, see Nephritis 
Bronchitis, basal metabolism in, 74 
blood lactic acid in, 353 
oxygen debt in, 74 
Butyric add, glycogen from, 140 

Caldferol (vitamin Dj), structure, 390 
Calaum, absorption, effect on fat absorp- 
tion, 403 

in steatorrhea, 521 
chloride, acidifying effect, 883, 884 
effect on urine ammonia, 883, 884 
metabolism, effect of galactose, 199 
Calculi, renal, uric add in, 956 
Caloric value, of carbohydrate, 4, 5, 7 
in diabetes, 66 
of fat, 4, 5, 7, 379 
in diabetes, 66, 67 
of glucose, 4, 5, 7 
of protein, 4, 5, 7 
in diabetes, 66 
of starch, 4, 5, 7 
of water vaporized, 12, 13 
Calorimetry, methods, 10 
Cane sugar, see Sucrose 
Carbohydrate, see also Sugars 
absorption, 23, 103 
effect on blood glucose, 167 
caloric value, 4, 5, 7 
in diabetes, 66 
chemical nature, 97 
combined, 101 

combustion, COi produced in, 5, 7, 14 
oxygen consumed in, 5, 7, 14 
water produced In, 5, 14 
digestion, 103 

effect of insulin on fat formation from, 67, 
225 

effect on respiratory quotient, 35 
effect on starvation ketosis, 492 
effect on urine uric add, 964 


fat formation from, 12, 16, 35, 116, 131, 
408, 410 

effect of insulin, 67, 225, 227 
effect of thiamin, 251 
in diabetes, 67 
site of, 19, 131, 410 
fatty adds formed from, 408 
formation from fat, 12, 20, 45, 48, 116, 139 
formation from protein, 21, 141, 649 
glycogen formed from, 110, 140, 143 
in feces, 23 
>n mucin, 101 
in nucleins, 101 
in proteins, 101 

ketones as substitute for, 130, 441, 453, 
462 

metabolism, after adrenalectomy, effect 
of sodium salts on, 246, 248 
after hemorrhage, 261, 342 
after hypophys ectomy, 223, 235 
after pancreatectomy, 217, 218 
after traumatic injuries, 342 
anaerobic, 26, 119, 120, 205 
effect of adrenal cortex, 246, 248, 260 
effect of adrenal medulla, 243 
effect of adrenotrophic hormone, 243 
effect of alcohol, 259 
effect of anoxia, 260 
effect of anterior pituitary extract, 223, 
238 

effect of cortical extract, 243, 247 
effect of cortical steroids, 248 
effect of desoxycorticosterone, 248 
effect of drugs and poisons, 257, 258, 
259 

effect of emotion, 253 
effect of epinephrine, 243, 245 
effect of estrone, 248 
effect of exercise, 46, 48, 303, 311, 313 
effect of gonadotrophic hormone, 242 
effect of growth hormone, 242 
effect of hypothalamus, 252, 254 
effect of infections, 342 
effect of lactogenic hormone, 243 
effect of nervous system, 252, 316 
effect of parathyroid, 250 
effect of phlorizin, 21, 134, 141, 144, 
m, 258 

effect of pituitary, 60, 221, 235 
effect of posterior pituitary, 234 
effect of potassium salts, 260 
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Carbohydrate, metabolism — Cent. 
effect of sex hormones, 243 
effect of sodium salts, 260 
effect of starvation, 178 
effect of su'lbcstruJ, 248 
effect of thyroid, 249 
effect of thyrotrophic hormone, 242 
effect of vitamins, 250 
in acromegaly, 335 
in Addison’s disease, 337 
in adrenocortical syndrome, 337 
in anorexia nervosa, 336 
in anoxia, effect of adrenals, 260 
in arteriosclerosis, 341 
in basophilism, 336 
in diabetes, 66, 296, 30S 
effect of blood glucose, 303, 304, 310 
effect of exerdse, 303, 311, 313 
in epidemic parotitis, 353 
in gastroenteritis of infants, 350 
in heart disease, 351 
in hyperthyroidism, 51, 249, 338 
in hypothyroidism, 250, 339 
in liver disease, 344 
in nephritis, 75, 352 
in pituitary cachexia, 336 
in pregnancy, 196 
in pregnancy toxemia, 340 
in pyloric obstruction, 350 
in steatorrhea, 350 
lactic add formation in, 45, 47, 119 
of Houssay dog, 222 
schematic representation, 262 
tricarboxylic add C)de, 120, 125, 126 
nature of /at from, 42J 
oxidation, role of acetic add in, 128, 129 
role of ris-aconitic add in, 120, 125, 126 
role of fumaric add in, 125, 126 
role of isodtric add in, 126, 127 
role of a-ketoglutaric acid in, 127 
role of malic add in, 125, 126 
role of oxaloacetic add in, 120, 125, 
126, 127 

role of succinic add in, 125, 126, 127 
oxidative metabolism, 12 2, 125 
protein-sparing action, 37, 647, 649, 6S2, 
654, 656 

respiratory quotient of, 7, 8, 9, 135 
specific dynamic action of, 33 
starvation, effect on glucose tolerance, 
176, 177, 227 


effect on insulin actioo, 227 
ketosis from, 442, 513 
prevents pituitary diabetes, 240 
protein metabolism in, 650 
serum lipid in, 486, 49 1 
stored as fat, 132, 463 
utilization, by Iloussay dog, 222, 237 
effect of insulin, 226 
Carbon dioxide, roe COj 
Carnosine, formed from histidine, 777 
structure, 778 
Carotenemia, 613 
Carotenes, absorption of, 611 
distribution in body, 609 
effect on scrum vitamin A, 610, 611 
in feces, 610 

of feces m bile duct obstruction, 612 
of serum, effect of carotenes, 610, 611 
effect of vitamin A, 61! 
in diabetes, 514 
in infections, 613 
normal, 609 
origin, 607 
requirement, 609 
stored in liver, 609, 612 
structure and nature, 607, 60S 
vitamin A from, 608, 612 
Cat, effect of pancreatectomy, 217 
Cataracts, from dinitrocresol and dinilro- 
phrnol, 65 

from galactose and lactose, 199 
from tryptophane deficiency, 772 
Cellulose, chemical nature, 101, 102 
digestion of, 101, 102 
effect on intestines, 103 
origin, 102 

Cephalins, distribution of, 383, 385 
ethanolamine in, 380, 381 
fatty acids in, 382 

flocculation test of liver function, 529 

galactose in, 382 

in blood coagulation, 3S6 

inositol in, 33f 

of serum, normal, 472 

reaction with cobra venom, 385 

serine in, 382, 752 

structure, 3S0, 381 

Cerebral injuries, effect on blood glucose and 
glucose tolerance, 252 
Cerebrosides, distribution of, 383 
fatty adds in, 382 
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function, 385 
galactose in, 102, 382 
nature and structure, 381 
of brain, in Niemann-Pick's disease, 543 
of serum, in Gaucher’s disease, 544 
normal, 474 

Cerebrospinal, see Spinal fluid 
Cetyl alcohol, fat formed from, 409 
Chloride of muscle in vitamin E deficiency, 
615 

Cholecystitis, blood uric add in, 975 
Cholelithiasis, blood uric add in, 975 
Cholestenone, 405 
Cholestcrase of blood, 417 
Cholesterol, absorption, 397, 402 
effect of fatty adds, 399 
into thoracic duct lymph, 40 q 
summarized, 402 
atheroma from, 484, 501, 534 
chemical nature, 387 
cholic add formed from, 388, 413, 458 
coprosterol formed from, 401 
destruction In body, 397, 398, 456 
distribution, in blood, 474 
in body, 387 

effect on fat absorption, 398 
effect on serum cholesterol, 479, 484 
esterification, 457 
esters, formed in intestine, 398 
hydrolyzed in intestines, 398 
in adrenal cortex, 413, 590, 599 
in fatty liver, 430, 432 
in liver, 422 
in testes, 413, 506 
lacking in tissue cells, 422 
of serum, in fatty liver, 424, 430 
saturation of fatty adds in, 418, 423 
fatty fiver from, 430, 4Si 
formed from acetic acid, 413, 414 
in arteries, in arteriosclerosis, 484, 501, 534 
in bile._3 SS, 394, 398, 456 
in body, constancy of, 412 
in brain, 387 

in cell membranes, 385, 387 
in feces, 404, 406 
in kidneys, in nephritis, 533 
in urine, in nephritis, 533 
normal, 406 

lysocephalin and lysolcdthin neutralized 
by, 386, 387 


metabolism, in arteriosclerosis, 484, 501, 
534 

of adrenal cortex, effect of adrenotrophlc 
hormone, 506, 599 
effect of starvation, 506 
o ^bifc. relation fn se rrmr-ritnl^rnml, 522 
ofserum, after adrenalectomy, 505 
after nephrectomy, 532 
constancy of, 420 
effect of cholesterol, 479, 484 
effect of diet, 419 

effect of drugs and poisons, 457, 458, 
495, 496, 526 
effect of fat, 419, 477, 479 
effect of menstruation, 507 
effect of plasmapheresis, 482 
effect of vitamin A, 615 
in acromegaly, 503 

in acute yellow atrophy of liver, 457, 
326 

in Addison’s disease, 505 
in anemia, 536 
in arteriosclerosis, 534 
in biliary obstruction, 456, 457, 523, 
524, 527 

in carbohydrate starvation, 486, 494 
in drrhosis of liver, 527, 528 
in diabetic ketosis, 508, 510 
in epilepsy, 517 
in hepatitis, 524, 326, 528 
in infections, 537 

in malnutrition, 481, 482, 486, 511 
in nephritis, 74, 530 
id nephrosderosis, 534 
in nephrosis, 74, 531 
effect of choline, 533 
in Nlemann-Pick’s disease, 543 
in prtgssncy, 507 
in starvation, 482, 485 
in thyroid disease, 54, 4 97 
in xanthomatosis, 540 
normal, 469 

relation to arteriosclerosis, 510 
relation to basal metabolism, 498, 499, 
532 

relation to gall stones, 522 
of thoradc duct lymph, 39S 
predpitatlon by digitonin, 389, 392 
pregnanediol from, 590 
ratio (freedotal) of serum, constancy of, 
418, 457 
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Cholesterol, ratio (f/w:tota)) of serum— 
Coni. 

In biliary obstruction, 523, 524, 527 
in cirrhosis of Uver, 527, 528 
in hepatitis, 524, 528 
in infections, 537 
in nephrosis, 531 
in pregnancy, 507 
in thyroid disease, 498 
in xanthomatosis, 541 
normal, 409, 472 

relation to antirachitic vitamin, 389 
relation to phospholipid of scrum, normal, 
469, 470, 472 

steroid hormones from, 389 
storage, 456 
structure, 388 

synthesis in body, 389, 397, 398, 412, 457 
vehicle for fatty adds, 418, 430 
Cholic add, absorption into portal blood, 
399, 400, 402 
conjugation, 399 

formation from cholesterol, 388, 413, 458 
in feces, 460 
in urine, 460 
structure, 388 
Choline, anemia from, 537 
defidency, fatty liver from, 426, 429 
effect on liver »n vitro, 429 
effect on serum cholesterol in nephrosis, 
533 

in ledthin, 380 
in sphingom>elin, 381 
lipotrophic action, 426, 428, 429, 430, 433, 
434 

methyl of, from methionine, 427 
protection from liver poisoning by, 437 
structure, 380 
synthesis, 412 

treatment of liver disease by, 529 
Chondroitin sulfuric add, nature and dis- 
tributioo, 101, 102 
Chondromucoid, nature, 101 
Chorioepithelioma, estrogenic activity of 
urine in, 596 
Chyluria, 533 

Cirrhosis of liver, see Liver, dnhoas 
Cis-Aconitic add, in carbohydrate oxidation, 
120, 125, 126 
Citric add, function, 126 
glycogen formed from, 140, 211 


in blood and urine, 209 
factors influencing, 210 
utilization, 209 
Citrulline, structure, 737, 781 
urea formed by, 780, 781, 840 
Climate, effect on basal metabolism, 32 
CO*, assimilation of, 128 
defidt, blood lactic add in, 206 
in oxygen want, 295 
ketosis in, 495 
urine ammonia in, 883 
elimination, effect of ammonium chloride 
on, 24 

effect of bicarbonate on, 24 
effect of hot baths on, 43 
effect of respiration on, 11, 24 
influence of add-base balance on, II, 24 
excess, urine ammonia in, 881, 886 
fixation by pyruvic add, 129 
heat value, 5, 6, 7, 8, 9, 11 
permeability of tissue cells to, 24 
production, 1, 5, 6, 7 
as measure of metabolism, 11 
from carbohydrate, 5, 7, 14 
from fat, 5, 7, 14 
from protein, 6, 7, 14 
in exercise, 45 

Cobra venom, action on ledthin and cepha- 
lic, 385 

Coenzymes, I and II, 124 
nicotinic add in, 120, 941 
purine bases in, 120, 941 
pyrimidine bases in, 120, 941 
riboflavin in, 120, 941 
Cold, effect on liver glycogen, 144 
Colon, absorption of glucose from, 103 
Convulsions, of hypoglycemia, 138, 229 
Coprostanone, 405 
Coprosteno), 405 
Coprosterol, formation, 401 
Cortical extract, see Adrenal cortex, ex- 
tracts 

Corticosterone, 248 
Structure, 599 

Creatine, clearance, effect of gl>dne, 922 
in nephritis, 919 
normal, 905 

creatinine from, 898, 900, 910 
distribution, in blood, 635, 902 
in body, 903 
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effect on urine creatinine, 898, 906, 910, 
912 

excretion by kidneys, 905 
formation, from amino adds, 749, 782, 
899 

from arginine, 749, 782 , 899 
from guanidoacetic add, 427, 749, 782, 
799, 899 
in kidney, 900 
in liver, 750, 799, 900 
in blood cells, 161 
in urine, in acromegaly, 924 
in Addison’s disease, 924 
in hyperthyroidism, 922 
in infancy, 90S 
in starvation, 651, 913 
in vitamin E deficiency, 922 
of adolescent males, 909 
of adult males, 908, 910 
of women, 90S 

metabolism, summarized, 913, 914 
methyl derived from methionine, 782, 899 
of blood, after nephrectomy, 703, 919 
in mercury poisoning, 919 
in muscular dystrophy, 925 
in nephritis, 688, 919 
normal, 635, 901 

of muscle, in vitamin E defiaency, 615 
of serum, effect of ingested creatine, 909, 
911 

in kidney disease, 9f9 
in muscular dystrophy, 922 
in thjToid disease, 911 
effect of ingested creatine, 911, 923 
relation to urine creatine, 905, 910 
of tissues, after creatine feeding, 899, 906 
of urine, effect of age, 908 
effect of creatine ingestion or injection, 
906 

effect of glycine, 913, 920, 922 
effect of menstruation, 925 
effect of protein feeding, 911, 913 
effect of sex hormones, 92S 
effect of testosterone, 92S 
in muscular diseases and disorders, 920 
in muscular dystrophy, effect of glycine, 
920 

in starvation, 178, 651, 913 
in thyroid 'iisease, 923 
relation tc Serum Creatine, 905, 910 
phosphate, high energy bonds in, 116 


in blood cells, 161 
structure and function, 897 
structure, 897 
synthesis in body, 900 
tolerance, in muscular dystrophy, 921, 
922 

in thyroid disease, 922 
test, 912 

Creatinine, clearance, effect of low protein 
diet, 697, 701 
in kidney disease, 918 
normal, 904 

relation to glomerular filtration, 903 
relation to urea clearance, 904 
in hephritis, 918 
coefficient, 907, 908 
distribution, in blood, 635, 901 
in body, 902 

excretion by kidneys, 903 
formation from creatine, 898, 99 O, 910 
in bile, 902 
in exudates, 902 
in feces, 902, 906 
in gastrointestinal fluids, 902 
in lymph, 902 
in spinal fluid, 902 
in sweat, 902 
in transudates, 902 
of blood, alter nephrectomy, 703, 915 
effect of drugs and poisons, 915 
in anuria, 915 
in dehydration, 915 
in diarrhea, 915 

in gastrointestinal obstruction, 915 
in gout, 915 

in mercury poisoning, 915, 916 
in nephritis, 685, 68S, 915 
in pneumonia, 9f5 
in pregnancy toxemias, 915 
in surgical conditions of kidney, 916, 
917, 918 

normal, 635, 901 

relation to blood urea in nephritic, 9l6 
relation to blood uric acid in nephritis, 
916 

relation to urea clearance in tephntis, 
917 

of urine, after hypophysectomy, 671 
constancy' of, 898, 90S 
effect of age, 909 
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Creatinine, of urine— Cent. 

effect of creatine feeding, 898, 906, 910, 
912 

effect of creatinine feeding, 905 
effect of creatinine injection, 906 
effect of diet, 909 
effect of exercise, 664 
effect of sex, 90S 
effect of sex hormones, 925 
effect of urine volume, 904 
In muscular diseases and disorders, 920 
in starvation, 1/8, 651, 654 
relation to muscle mass, 908 
relation to protein metabolism, 644 
Structure, 898 

Creatinuria, see also Creatine, in urine 
physiological and pathological, 912 
Cretinism, see Hypothyroidism 
Crush injuries, Wood nonprolein nitrogen 
after, 707 

blood urea after, 853 
urea clearance after, 853 
Cydopentanoperhydrophenan threat nucleus, 
387 

Cysteine, formation from methionine, 785 
glutathione formed from, 750 
relation to cystine, 783, 787 
structure, 738 
Cystine, calculi, 791 
exfoliative dermatitis treated with, 792 
fat formation promoted by, 429 
fatty liver from, 426, 428, 788 
formation from methionine, 785 
formation from serine, 752, 785 
glycogen formed from, 731, 783 
in fingernails and hair, 792 
in urine, normal, 791 
d-tsomer utilized, 783 
kidney injured by, 7 89 
mercapturic add from, detoxifying action, 
784,788 

metabolism, 783, 785, 787 
not essential, 731, 782 
protein-sparing action, 655, 761, 783 
relation to cysteine, 78S, 787 
storage disease, 791 
structure, 738, 782 
sulfate from, 784, 791 
taurine from, 788 
Cystinuria, 789 


Cytochrome, 124 
Cytosine, structure, 938 

Dehydration, blood creatinine in, 915 
blood nonprotein nitrogen in, 662 
effect cn urea clearance, 850 
in diabetic ketosis, 323, 504, 510 
In diarrhea, 683 
in mercury poisoning, 705 
in nephritis, 692 
potassium excretion in, 663 
protein metabolism in, 662, 663 
sodium retention in, 663 
7-DehydrocholcsteroI, absorption of, 391, 
399 

activation by ultraviolet light, 392 
structure, 391 
synthesis, 392 

vitamin D» from, structure, 391, 413 
11-Dchydrocortieosterone, 248 
structure, 599 
Dehydrogenases, 124 

1 1-Dehydro-1 7-hydroxy corticosterone, 248 
structure, 599 

Dehydro-isoandrosterone, structure and na- 
ture, 591 

Dermatoses, blood uric add lo, 976 
Desoxy corticosterone, effect on carbohy- 
drate metabolism, 248 
in Addison’s disease, 337 
pregnancdiol formed from, 5 98 
structure, 599 

Dextrin, formation from starch or glycogen, 
101,114 

Dextrose, see Glucose 
D:N ratio, see G:N ratio 
Diabetes insipidus, blood urea in, 851 
Diabetes mellitus, acid-base balance in, 68 
aggravated by' hyperthyroidism, 301 
aggravated by infection, 58, 211, 300, 
375, 321, 3» 

arterial-venous glucose difference in, 110, 
29 9, 307 

basal metabolism in, 68, 69 
blood amino acid in, 806 
blood amylase in, 211 
blood glucose in, 299 
diagnostic significance, 303 
effect of crystalline insulin, 310 
effect of fructose, 30S 
effect of galactose, 307 
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effect of protein, 317 
effect on carbohydrate metabolism, 
303, 304, 310 
blood lactic add in, 316 
blood nonprotein nitrogen in, 685, 686 
blood pyruvic add in, 316 
blood uric add in, 976 
caloric value, of carbohydrate in, 66 
of fat in, 66, 67 
of protein in, 66 

carbohydrate metabolism in, 66, 296, 308 
effect of blood glucose, 303, 310 
carotinemia in, 514 
rirrbosis of liver in, 514 
definition, 66, 296 
diet as cause of, 298 

dietary treatment, 308, 309, 312, 317, 319 
diurnal variations of blood glucose, 302 
effect of Addison’s disease, 338 
effect of exerdse on carbohydrate metab- 
olism in, 303, 311, 313 
effect of heart disease, 351 
effect of infection, 68, 211, 300, 315, 32 1, 
343 

effect of lactation, 198, 339 
effect of liver disease, 316, 349 
effect of pregnancy, 339 
effect of starvation, 303 
effect of thyroid, 339 
effect of traumatic injuries, 342 
etiology, 297 

fat formed from carbohydrate in, 67 
fat metabolism in, 67 
from alloxan, 256 
from pancreatectomy, 297 
from pancreatic disease, 350 
from pituitary extract, see Pituitary' dia- 
betes 

fructose tolerance in, 345, 346 
galactose tolerance in, 347 
general management, 316 
glucose tolerance in, 175, 304 
effect of amount of glucose, 304 
height and duration of hyperglycemia, 
304 

intravenous glucose, 306 
glycogen, depletion in, 6S, 301 
formation in, 68, 130 
in renal tubule cells in, 192, 303 
glycosuria of, 296, 301, 309 
effect of diet, 309 


G:N ratio in, 66, 68, 142 
induced by insuliD, 226, 240, 298 
insulin, in treatment of, 69, 298, 309, 323 
resistance, 311, 315 
sensitivity, 315 
ketone formation in, 66, 511 
ketones utilized in, 441, 461 
ketosis, see Ketosis, diabetic 
lactic add formation in, 130, 316 
lipid metabolism in, 50S 
lipidoses of, 514 
liver enlarged in, 513 
liver glycogen in, 301, 308 
malnutrition in, 68, 686 
of acromegaly, 60, 235, 298, 335 
overnight blood glucose rise in, 302, 312 
pancreatic, 297, 350 
pathogenesis, 296 
pathology, 297 
piqfire, 252 

produced by glucose, 240 
protein metabolism in, 66, 67, 301, 303, 
322,685 

protein requirement in, 317, 6S5, 687 
relation to arteriosderosis, 299, 341 
relation to hypertension, 341 
relation to obesity, 299, 317, 341 
renal, sec Glycosuria, renal 
respiratory quotient in, 67, 68, 69, 296, 308 
serum lipid in, 508 
effect of diet, 509 

treatment of, blood glucose as criterion, 
320, 323 

by combined or mixed insulin, 314 
by crystalline insulin, 310 
by diet, 308, 309, 312, 317, 319 
by insulin, 309, 318 
by pituitary irradiation, 326 
by protamine insulin, 233, 313 
by synthalin, 257 
by thyroidectomy, 326 
glycosuria as criterion, 319 
surgical, 326 

vitamin A defidency in, 514 
xanthomatosis in, 514 
Diabetogenic hormone, 58 
Diacetie add, see Acetoacetic add 
Diarrhea, blood creatinine in, 9J5 
blood nonprotein nitrogen in, 683, 692 
blood uric add in, 976 
dch) dration in, 683 
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Diarrhea— Cwif. 
fat absorption in, 520 
protein absorption in, 23, 642, 683 
Diastase, see Am) lase 
Digestion, see also Absorption 
of carbohydrate, 103 
of cellulose and pentosans, 101, 102 
of protein, 638 

Digi tonin, precipitation of cholesterol and 
crgostcrol by, 389, 392 
Dihydrocholestcrol, 397, 405 
Dihydro-coprosterol, 405 
Dihydroxyaectone, effect in hypogljcemia, 
111, 225 

effect of insulin on utilization of, 111, 225 
eflect on blood lactic acid, 36, 10S, 136, 207 
effect on respirator)' quotient, 36, 136 
effect on serum bicarbonate, 36, 136 
liver function tested with, 196 
liver gly cogen formed from, lit, 1 40 
phosphate, 117 
utilization, 111 

Diiodotyrosine, from tyrosine, 770 
relation to thyroxin, 52, 771 
structure, 771 

Dinitrocrcsol, cataracts from, 65 
effect on oxygen consumption, 51, 64 
tone effects, 64 

Dimtrophenol, cataracts from, 65 
effect on carbohydrate metabolism, 259 
effect on oxygen consumption, 51, 64 
tone effects, 64 

1 :3-Diphosphogl> ccraldehy de, formation, 
117 

1:3-Diphosphoglycericacid, formation, 117 
Diphosphopyridine nucleotide action, 117 
Diphtheria toxin, effect on glucose tolerance, 
343 

effect on liver, 211 

Disaccharides, chemical nature, 100, 102 
conversion to monosaccharides, 101, 103 
digestion, 103 
in blood, utilization, 106 
optical activity, 93, 101 
Diuresis, effect on blood nonprotein nitro- 
gen, 662, 690, 693 
effect on blood urea, 662, 690 
effect on unne amino acid, 801 
effect on urine nitrogen, 637, 6-15, 662 
from urea, 701, 844, 862 


Dog, effect of pancreatectomy, 66, 217 
JToussay, 221, 222, 235, 237 
carbohydrate metabolism, 222 
carbohydrate utilization, 222, 237 
effect of starvation, 222, 237 
glucose tolerance, 222, 237 
G:N ratio of, 237 
ketonuria of, 237 
liver glycogen of, 237 
protein metabolism, 237 
respiratory quotient, 237 
starvation hypoglycemia, 237 
“starvation diabetes" in, 178 
Drugs and poisons, effect on basal metab- 
olism, 64 

effect on blood amino add, 801 
effect on blood and unne uric add, 965, 
967, 972, 975/976 
effect on blood creatinine, 915 
effect on blood glucose, 257, 258, 259 
effect on blood nonprotein nitrogen, 674 
effect on carbohydrate metabolism, 257, 
258 

effect on protein metabolism, 674 
effect on serum lipids, 457, 458, 495, 496, 
526 

ketosis from, 258, 495 
mehturia from, 189 

Duck, effect of pancreatectomy, 66, 217 
"starvation diabetes” in, 179 
Diskltol, excretion by kidney, 134 

Eclampsia, see Pregnancy toxemias 
Eczema, from essential fatty acid deficiency, 
408 

Edema, effect on metabolism, 74 
fluid, glucose in, 156 

Effort syndrome, basal metabolism in, 55, 73 
Elaidic acid, nature, 395 
Hjfment constant, 384 

EantAicm, on Uood gVutose, ltfj, 233 
effect on carbohydrate me ta holism, 2J3 
Emphysema, basal metabolism in, 74 
oxygen debt in, 74 
Encephalitis, basal metabolism in, 64 
hypoglycemia in, 2S4, 331 
spinal fluid glucose in, 255 
Endocarditis, bacterial, blood ronprotcin 
nitrogen in, 685 

Energy production, see Caloric value and 
Heat value 
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Enolase, action, 118 

Ephedrine, effect on carbohydrate metab- 
olism, 258 

Epilepsy, ketosis /or treatment of, 518 
serum lipid in, 517 
starvation treatment, 518 

Epinephrine, alkali deficit from, 245 
effect on basal metabolism, 60 
effect on blood amino add, 804 
effect on blood and urine uric add, 968 
effect on blood glucose, 243 
after hypophysectomy, 236 
in liver disease, 348 
effect on blood lactic add, 24 4 
effect on blood nonprotein nitrogen, 669 
effect on carbohydrate metabolism, 243, 
245 

effect on liver and muscle glycogen, 243, 
244 

effect on protein metabolism, 669 

effect on respiration, 60, 245 

effect on respiratory quotient, 40, 60, 244 

effect on serum bicarbonate, 245 

effect on serum lipid, 506 

effect on urea clearance, 851 

effect on urine glucose, 243 

effect on urine ketones, 245 

formation from tyrosine, 770 

insulin antagonist, 230, 244 

ketosis from,' 245, 506 

structure, 770 

Ergosterol, absorption of, 391, 399 
antirachitic provitamin, 390 
effect of ultraviolet light on, 390 
structure, 390 

Ergothioneine, in blood cells, 792 
in blood in diabetes, 792 
in SibcJur nephritis, 792 
interference with blood uric add deter- 
mination, 792 
reducing powers, 159, 792 
structure, 789 

Erythremia, see Polycythemia 

Esophagus obstruction, see Gastrointestinal 
obstruction 

Estradiol, effect on lipid metabolism, 507 
structure and nature, 595 

Estriol, structure, 595 

Estrogenic activity of urine, effect of age, 596 
in adrenocortical syn drome, 597, 601 
in chorioepithflioms, 596 


in menstruation, 596 

in pregnancy, 594, 596 

normal female,- 595 

normal nude, 596 

relation to gonadal function, 596 

with cborioepithelioma, 596 

Estrogens, conjugated in liver, 597 
from adrenal cortex, 597 
in bile, 597 

Estrone, effect on carbohydrate metabolism, 
248 

effect on serum lipid, 507 
effect on urine atrate, 210 
source of, 594 
structure and nature, 595 

Ethanolamine, formation from betaine, 412 
formation from glydne, 412, 7S0 
in cephalitis, 380, 381 
structure, 380 
synthesis, 41 1 

Ether, ketosis from, insulin in treatment of, 
495 

Exerdse, blood glucose in, 166 
blood lactic arid in, 47, 121, 203 
blood nonprotein nitrogen in, 664 
blood pyruvate in, 208 
blood uric add in, 664, 965 
CO2 produced in, 4S 
combustion of fat in, 45, 48 
effect on carbohydrate metabolism, 46, 
48, 303, 311, 313 

effect on glucose tolerance, 179, 183 
effect on insulin action, 228, 312, 313 
effect on insulin hypoglj cemia, 228 
effect on ketosis, 454, 461, 491 
effect on liver glycogen, 144, 301 
effect on serum lipid, 495 
effect on area clearance, SSff 
energy expenditure for, in hyperthyroid- 
ism, 51 

in obesity, 40, 44 
g!} cogen depleted by, 144, 301 
he3t production in, 44, 47 
hypoglycemia after, 179 
ketosis from, 48 

lactic add formed in, 25, 26, 45, 47, 121, 
203 

metabolism in, 24, 44, 46 
oxygen debt in, 26, 46, 48 
protein metabolism in, 45, 663 
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Exercise — Con/. 

respiratory quotient in, 25, 26, 45, 47, 
48,49 

scrum bicarbonate In, 47 
urine ammonia in, 664, 886 
urine creatinine in, 664 
urine sulfur in, 664 
urine uric acid in, 664 
Exudates, autoglycolysis in, 162 
creatinine in, 902 
glucose in, 156 
uric add in, 958 

Fasting, see Starvation 
Fat, absorption, sec also Fat, o( feces, 23, 
394, 396, 401 
after adrenalectomy, 503 
after gastrectomy, 518 
after pancreatectomy, 514 
direct, 394 

effect of bite, 393, 396 
effect of calcium, 403 
effect of chofesteroi, 308 
effect on calcium absorption, 403 
in adiolia, 519 
in diarrhea, 520 
in gastritis, 518 
in steatorrhea, 519 

into portal blood and thoradc duct 
lymph, 399 

role of phospholipids in, 385, 395 
summary, 396, 401 
atrophy, 505 

caloric value of, 4, 5, 7, 379 
in diabetes, 66, 67 
in starvation, 38 

carbohydrate formed from 12, 20, 45, 48, 
116, 139 

carbohydrate stored as, 132, 463 
cells, fat formed by, 19, 133, 410 
glycogen formed in, 19, 133, 410 
combustion, CO* produced in, 5, 7, 14 
in exercise, 45, 48 
oxygen consumed in, 5, 7, 14 
water produced in, 6 , 14 
composition of, 377 
deposition in fat alls, 418 
depot, effect of diet on, 420 
depots in fatty liver, 431 
digestion, 393 

direct combustion of, 67, 442, 463 


distribution in body, 375 
effect on ketosis, 493 
effect on respiratory quotient, 36 
effect on scrum cholesterol, 419, 477, 479 
effect on serum fat, 477 
effect on serum fatty add, 477 
effect on serum phospholipid, 477 
effect on urine uric acid, 961 
formation, from carbohydrate, 12, 16, 
35, 131, 408, 410 
effect of insulin, 67, 225, 227 
effect of thiamin, 251 
in diabetes, 67 
nature of, 421 
site of, 19, 131, 410 

from cetyl and octadccyl alcohols, 409 
from protein, 22, 409, 444, 446 
promoted by cystine, 429 
formed by fat cells, 19, 133 
formed in liver, 421 
functions of, 377 
glycogen formed from, 139 
metabolism, acetic acid in, 123, 408 
in diabetes, 67 
in hypothalamic obesity, 516 
in ketosis, 453, 503, 510 
In nephritis, 75 
in obesity, 483 

odd-carbon, in treatment of diabetes, 393 
of blood, iodine number, 377 
of body. Composition, 377 
effect of climate and temperature, 377 
in starvation, 379, 421 
relation to food fat, 377, 37S 
of feces, effect of Lile on, 393, 396 
effect of ealrium on, 403 
effect of diet on, 23, 402 
m bile duct obstruction, 519 
in diarrhea, 520 
in pancreatic disease, 513, 519 
in starvation, 402 
in steatorrhea, 519 
nature of, 402, 403 
normal, 403 

of liver, effect of posterior pituitary, 503 
effect of starvation, 422, 485 
iodine number in fatty liver, 426 
of serum, after nephrectomy, 532 
effect of fat, 477 
in anemia, 536 

in biliary obstruction, 523, 524, 527 
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in hepatitis, 525 
in nephrosis, 531 
in thyroid disease, 49S 
normal, 469, 470, 472 
saturation of fatty acids in, 418 
oxidation of, 464 

protein-sparing action, 37, 647, 649, 652, 
654, 656, 661 

respiratory quotient of, 7, 8, 9, 135 
specific dynamic action, 33 
storage, 420 
character of, 377 
structure of, 373 
Fatty acids, see also Fat 

bile adds combine with during absorp- 
tion, 396 

cholesterol, vehidc for, 418, 430 
classification and nature, 373, 376 
desaturated in liver, 422 
effect on cholesterol absorption, 399 
essential, 379, 407, 425 
conservation of, 421 
defiaency of, eczema from, 408 
fatty liver from, 407, 425 
in man, 408 

kidney lesions from, 407, 425 
skin lesions from, 407, 425 
even-carbon, formation of ketones from, 
445 

formation, from acetic acid, 408, 413 
from amino adds, 741 
from carbohydrate, 408 
in bile, 394 

in cholesterol esters, unsaturated, 418, 423 
in phospholipids, 381, 382, 384 
unsaturated, 418, 423 
in sphingomyelin, 382 
ketones formed from, 38, 66, 440, 443, 447 
odd-carbon, glycogen formed from, 139, 
446,449 

ketones formed from, 446, 449 
of liver, 377, 419, 422 
of Serum, effect of fat, 477 
in anemia, 536 

in biliary obstruction, 523, 524, 527 
in diabetic ketosis, 508, 510 
in pregnancy, 507 
in starvation, 482, 485 
iodine number, 418, 474 
• effect of diet, 4S0 

in biliary obstruction, 523 


in thyroid disease, 499 
norma), 469 

of serum lipids, saturation, 418, 474 
of tissue cells, 418 

oxidation, adenosine triphosphate in, 456 
phosphorylation by intestine, 395 
saturation and desaturation, 409 
Structure, 374, 375 
synthesis, 407 

transformation of, 409, 420, 421 
Fatty liver, see Liver, fatty 
Feces, ammonia in, 877 
caldmn in, effect of fat absorption, 403 
carbohydrate in, 23 
carotenes in, 610 
cholic add in, 460 
creatinine in, 902, 906 
fat in, 23, 402 
lipid in, 23, 402, 404, 406 
in biliary obstruction, 519 
in pancreatic steatorrhea, 519 
nitrogen in, 23, 641, 651 
in biliary obstruction, 519 
in pancreatic steatorrhea, 519 
nonprotein nitrogen in, 637, 642 
phospholipids id, 404 
reducing substances in, 23 
sterols in, 404, 406 
urea in, 612 
uric add in, 9S9 
Fever, heat exchange in, 44 
metabolism in, 44, 65 
protein metabolism in, 65 
Fluoride, effect on oxidation of gly cogen, 257 
Food, nonprotein nitrogen, energy value of, 
27 

Fructose, absorption of, 104, 105, 108, 109 
phosphorylation in, 106 
effect on blood glucose, 109, 195, 225 
in diabetes, 308 

effect on blood lactic aad, 35, 108, 136, 207 
effect on insulin hypoglycemia, 225 
effect on respiratory quotient, 35, 136 
effect on serum bicarbonate, 35, 136 
excretion by kidney, 134, 195 
formed from glucose, 108, 114, 115 
formed from glycogen, 114, 115 
glucose formed from by' intestine, 108, 114 
glycogen formed from, 111, 114, 140, 143 
in spinal fluid, 200 
metaloUsm, function of trier in, 10S 
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Fructose — Cent. 

l:6-phosphatc, formation, 114, 117 
structure, 113 

6-phosphate, formed from glucose phos- 
phate, 108, 114, 115 
fructose-1 : 6-phosphate formed from, 
117 

phosphorylated by adenosine triphosphate, 
10S, 112, 117, 120, 121 
structure, 99 

tolerance, in diabetes, 345, 346 
in liver disease, 195, 345, 346 
normal, 19S, 345, 346 
unnary excretion, 213 
utilization, effect of insulin, 225 
utilized after hepatectomy, 108, 111 
Fructosuria, 213 

Furoaric acid, formed from acctoacetic add, 
128 

rote in carbohydrate oxidation, 125, 126 
Furanoscs, 99, 100 

Galactose, absorption, 104, 105, 109, 249 
by tissues, 109 
effect of glucose, 105, 109 
in hyperthyroidism, 249 
cataracts from, 199 
distribution in body, 1 10 
effect on blood glucose, 109, 195, 219, 225 
w diabetes, 2 19, 307 
effect on cnldum metabolism, 199 
excretion by kidney, 134, 195 
glycogen formed from, 140, 143 
glycosuria from, in diabetes, 220 
in cephahns, 382 
in cercbrosiiles, 102, 382 
in urine, 199, 214 
liver glycogen formed from. 111 
phosphate, 115 
structure, 99 

tolerance, in diabetes, 347 
in hyperthyroidism, 339, 347 
in liver disease, 195, 345, 347 
in starvation, 196 
normal, 195, 346, 347 
toxic effects, 199 
utilization, effect of insulin, 225 
Galactosuria, 199, 214 
Gall bladder disease, blood uric add in, 975 
Gall stones, relation to blood cholesterol, 522 
Gastrectomy, see Stomach removal 


Gastric, see also Stomach 
juice, ammonia In, 643, 876 
Gastritis, fat absorption in, 518 
Gastroenteritis of infants, blood glucose in, 
350 

carbohydrate metabolism in, 350 
Gastrointestinal, fluids, creatinine in, 902 
uric add in, 961 

obstruction, blood creatinine in, 9(5 
blood glucose in, 350 
blood nonproteiD nitrogen in, 681, 682 
blood urea in, 853 
blood uric add in, 976 
carbohydrate metabolism in, 350 
ketosis from, 518 
protein metabolism in, 682 
Gaucher’s Disease, glucose in kcrasin in, 
383,544 

Gelatin, incomplete protein, 655 
Globin insulin, 234 

Glomerular filtration, relation of creatinine 
clearance to, 903 
relation of urea clearance to, 848 
Gluconic add, formation in liver, 128 
Glucoproteins, 101 

Glucose, absorption, 103, 108, 109, 172, 249 
by tissues, 108 

effect of monoiodoacetic add, 105 
from colon, 103 
from rectum, 103 
from stomach, 103 
in hyperthyroidism, 249 
phosphorylation in, 105 
amount in blood, 160 
amount in body, 137 
caloric value, 4, 5, 7 
dearance, 192 
combined, in blood, 160 
combustion, 35 
in diabetes, 69 
diabetes produced by, 240 
diffusion, 157, 158 
distribution, in blood, 109, 155 
in body, 109, 137 

effect on absorption of galactose, 105, 109 
effect on blood glutamine, 759 
effect on blood lactic add, 35 
effect on blood pyruvate, 208 
effect on respiratory quotient, 35 
effect on serum phosphate, 109 
in diabetes, 109 
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e fleet on urine nitrogen, 645 
effect on utilization of ketones, 441 
excretion by kidneys, 133, 190 
fat formed from, 35, 131 
in obesity, 40, 42 
formation, from glycerol, 20 
from glycogen, 114 
from liver glycogen, 112, 114 
from protein, 21, 141 
formed by kidney, 138 
formed from fructose by intestine, 108, 114 
fructose formed from, 108, 114, 115 
gluconic acid formed from, 128 
glycogen formed from, 111, 112, 140, 143 
hypertonic, reduces spinal fluid pressure, 
157 

in aqueous humor, 156 
in bile, 157 
in brain, 158 

in exudates and transudates, 156 
in herasin, in Gaucher's disease, 383, 544 
in kidneys, 158 
in lactose, 101, 102 
in liver, 157 

in liver and tissues, effect of insulin on, 224 

in lymph, 156 

in maltose, 101, 102 

in muscle, 158 

in prostatic secretion, 157 

in semen, 157 

in skin, 158 

in spermatocele fluid, 157 
in sucrose, 10 1, 102 
in synovial fluid, 156 

in treatment of diabetic ketosis, 324, 504, 
512 

in treatment of heart failure, 352 
in treatment of mercury poisoning, 705 
in treatment of pregnancy toxemias, 340 
isomers, 97, 99 
in blood, 160 

magnesium required for phosphor} Tation, 

112 

maximum utilization, 185 
of blood, after adrenalectomy, 246 
after hemorrhage, 26 1 
after hepatectomy, 137, 225, 229 
after hypophyseetoray, 22 3, 2 35 
effect of epinephrine, 236 
, after pancreatectomy', 220 
’ after traumatic injuries, 342 


arterial-venous difference, 162 
after glucose, 167 
effect of insulin on, 309 
in diabetes, 110, 299, 307 
in liver disease, 1 10, 344 
post-absorptive, 162, 167, 175, 183 
as criterion of diabetic therapy, 320, 323 
at birth, 197 

autoglycolysis of, 115, 155 
capillary same as arterial, 162 
diurnal variations, 175 
in diabetes, 302 
effect of acetylcholine, 258 
effect of age, race and sex, 165 
effect of carbohydrate absorption, 167 
effect of dose of glucose, 169 
effect of drugs and poisons, 257, 258, 259 
effect of emotion, 167, 253 
effect of epinephrine, 243 
effect of exercise, 166 
effect of fat, 175 
effect of fructose, 109, 195, 225 
effect of galactose, 109, 195, 219, 225 
effect of glucose ingestion, see also Glu- 
cose tolerance, 167 
effect of infections, 342 
effect of insulin, 225, 310 
effect of intravenous glucose, 184 
effect of meals, 175 
effect of phlorizin, 255 
effect of pitocin, 234 
effect of pitressin, 234 
effect of pituitary extract, 223, 235, 238, 
242 

effect of protamine insulin, 232 
effect of protein, 175 
effect of repeated doses of glucose on, 
172, 183 

effect of starch, 175 
effect of sucrose, 175 
effect of sympathetic stimulation, 252 
effect of temperature, 166 
effect of glucose utilization, 185 
in acromegaly, 335 
in acute yellow atrophy of liver, 344 
in Addison’s disease, 337 
in anemia, 353 
in anorexia nervosa, 336 
in arteriosclerosis and hypertension, 341, 
353 

in arthritis, 353 
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Glucose, of blood— Ccttl. 
in benign glycosuria, 334 
in brain injury, 252 
in diabetes, 299 

as therapeutic criterion, 320, 323 
diagnostic significance, 303 
effect of crystalline insulin, 310 
effect of fructose, 303 
effect of galactose, 219, 307 
effect of protein, 317 
effect on carbohydrate metabolism, 
303, 301, 310 
in diabetic ketosis, 322 
in functional hypoglycemia, 330 
in gastroenteritis of infants, 350 
in gastrointestinal obstruction, 350 
in hyperthyroidism, 51, 338 
in hypopituitarism, 336 
in hypothyroidism, 339 
in insulin shock, 229 
in liver disease, 344 
effect of epinephrine, 343 
in nephrosclerosis, 341 
in pancreatic hypoglycemia, 328 
in pituitary cachexia, 336 
in pregnancy, 196 
in pregnancy toxemias, 340 
in psycho neuroses and psy choscs, 254 
in renal glycosuria, 332 
in shock, 342 
in starvation, 163 
in infants, 165 

limits of variation after glucose inges- 
tion, 118 

maximum rise after g!uco«c ingestion, 
167 

post-absorptive, normal, 162 
not formed from muscle glycogen, 137, 
138 

overnight rise in diabetes, 302, 312 
relation to glycosuria, 133, 190 
of spinal fluid, in disease, 254, 255 
normal, 156 
of urine, sec Glycosuria 
permeability of blood cells to, 109, 155 
1-phosphate, formation from gIucose-6- 
phosphate, 112, 115 

formation from glycogen, 112, 113, 115 
glycogen formed from, 112 
structure, 113 

6-phosph te, formation from glucose, 112 


fructose phosphate formed from, JOS, 

114, 115 

glucose-1 -phosphate formed from, 112, 
115 

structure, 1 13 
phosphorylation of, 112 
subcutaneous, dehydrating, 157 
structure, 97, 99 

threshold, ascending and descending, 133, 
190, 192 
in diabetes, 309 
in pregnancy, 196 

tolerance, after hypophyscctomy, 236 
after pancreatectomy, 220 
effect of age, 180, 186 
effect of carbohydrate starvation, 176, 
177, 227 

effect of diet, 175, 176, 183 
effect of diphtheria toxin, 343 
effect of exerase, 179, 183 
effect of infections, 342 
effect of insulin, 227 
effect of starvation, 176 
effect of thyroid, 250 
in acromegaly, 235, 33S 
in Addison's disease, 338 
in adrenocortical syndrome, 337 
in anorexia nervosa, 336 
in arteriosclerosis and hypertension, 341 
in arthritis, 353 
in benign glycosuria, 334 
in brain injury, 252 
in diabetes, 175, 304 
effect of amount of glucose, 304 
height and duration of hyperglycemia, 
304 

intravenous glucose, 306 
in functional hypoglycemia, 330 
in hyperthyroidism, 51, 249, 338 
in hypopituitarism, 51 
in hypothyroidism , 250, 339 
in infancy, 180 
in liver disease, 344 
in nephritis, 352 
in nephrosclerosis, 341 
in obisity, 299, 317, 341 
in pancreatic hypogly cemia, 328 
in pituitary cachexia, 336 
in pregnancy, 196 
in pregnancy toxemias, 340 
in |>s%choses and p«ychoneurosis, 254 
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in renal glycosuria, 333 
in steatorrhea, 350 
in thiamin deficiency, 251 
normal, 167 

of Hoassay dog, 222, 237 
test, 167 

arterial-venous difference, 187 
dose of glucose, 169, 181 
duration of curve, 172, 174, 183 
effect of insulin, 226 
form and height of curve, 167 
in diabetes, 175, 304 
interpretation of, 175, 183, 186 
limits of variation of curves, 118 
simultaneous study of arterial and 
venous blood, 167 
the two-dose test, 183 
with intravenous injection, 184, 185, 
190 

with meals of mixed foods, 182 
utilization, effect of blood glucose on, 185 
utilized by blood cells, 115 
«-Glucose, optical rotation, 98 
structure, 97, 99 
«-/3-Glucose, optical rotation, 98 
ff-Glueose, in blood, 160 
optical rotation, 98 
structure, 97, 99 
d-Glucose, structure, 97, 99 
Glucuronic acid, and pentosuria, 213 
conjugation of, 215 
in blood, 160 
in urine, 215 

Glutamic acid, animating, deaminating and 
transaminating function of, 744, 757 
ammonia formed by, 757, 758 
formation from histidine, 777 
formation from ornithine, 758, 781 
glutamine formed from, 757 
glycogen formed from, 759 
in glutathione, 750, 758 
d-isomer not utilized, 731, 756 
not essential, 756 
structure, 738 

Glutaminase, In Lidney, ammonia formed 
by, 758, 798, 874, 878 

Glutamine, ammonia formed from, 757, 798, 
874,878 

formation from glutamic arid, 757 
in blood, 758, 759, 800, 878 
effect of glucose and insulin, 759 


urea formed from, 757, 75$, 781, 840, 874 
Glutathione, formation, 786 
from cysteine, glutamic arid and glycine, 
750, 758 
functions, 787 
in blood, 634, 635, 788 
reducing powers, 159 
structure, 786, 788 
Glycemia, see Glucose, of blood 
Z-Glyceraldehyde, structure, 98 
3-Giyceraldehyde phosphate, formation, 117 
Glycerol, glucose formed from, 20 
glycogen formed from, 20, 111, 139, 140, 
401 

in fat, 373 
in lecithin, 380 

synthesis by intestinal cells, 401, 408 
Gly dne, effect on creatine clearance, 922 
effect on creatinuria of muscular dys- 
trophy, 920 

effect on urine creatine, 913, 920, 922 
ethanolamine formed from, 412, 750 
formation, from betaine, 746 
from sarcosine, 746 
from /-serine, 746, 752 
gly cholic acid formed from, 749 
glycogen formed from, 731, 746 
guanidoacetic arid formed from, 749, 899 
hippunc arid formed from, 746, 748 
in glutathione, 750 
not essential, 731, 745 
optically inactive, 745 
structure, 738 
synthesis, 746 

tolerance test of liver function, 747, £07 
Glycholic add, 399 
from glycine, 749 
Glycocoll, see Gly dne 

Glycogen, amount and distribution in body. 
J37 

Chemical nature, 101, 136 
compounds forming, table, 140 
depletion by cold, 144 
depletion by exercise, 144, 301 
depletion by phlorizin, 144, 256 
depletion in starvation, 38, 14-4, 649 
dextrin formed from, 101, 114 
digestion, 103 

effect of fluoride on oxidation, 257 
effect of monoiodoacetic arid on oxidation, 
2S7 
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Glycogen— Con*, 
effect of oxalate on oxidation, 257 
energy produced in formation of lactic 
add from, 120, 121 
formation, aerobic, 112 
alter pancreatectomy, 219 
after starvation, 176 
effect of insulin, 141, 224 
from acetic acid, 140 
from alanine, 731, 7S0 
from amino adds, 111, 139, 731, 741 
from butyric add, 140 
from carbohydrate, 110, 140, 143 
from citric acid, 140, 211 
from f3t, 139 

from fructose, 111, 114, 140, 143 
from galactose, 111, 140, 141 
from glucose, 111, 112, 140, 141 
from glucosc-1 -phosphate, 112 
from glycerol, 20, HI. 139, 401 
from hept) lie acid, 139, 140 
from lactic add, 26, 27, 45, 47, 120, 
140, 204 

in heart, 138, 204 
from maltose, 143 
from mannose, 107, 140 
from monyiic acid, 140 
from odd-carbon fatty adds, 139, 446, 
449 

from propionic acid, 139, 140, 446, 449 

from protein, 141, 143 

from pyruvic add, 128, 140 

from sorbose, 140 

from succinic add, 140 

from valeric acid, 139, 140 

from d-xy lose, 140 

from rf-xylulosc, 140 

In fat cells, 19, 133, 410 

in diabetes, 68, 130 

rate of, 143 

fructose formed from, 114, 115 
glucose formed from, 114 
glucose-1 -phosphate formed from, 112, 113, 
115 

hydrolysis by add, 113 
hydrolysis by amylase, 1 13 
in blood, 107, 137 
utilization, 107 

in heart, formed from lactic add, 13S 
in heart muscle, 138 
in. liver, 137 


in renal tubule cells in diabetes, 192, 308 
lactic acid formed from, 45, 47, 116, 119 
in diabetes, 130 
maltose formed from, 114 
of brain, function, 222, 229 
of heart, after pancreatectomy, 222 
of liver, after adrenalectomy, 246 
after hypophyscctomy, 236 
after pancreatectomy, 144,220 
as source of glucose, 138 
effect of cold, 144 
effect of cortical extract, 247 
effect of epinephrine, 243, 244 
effect of exercise, 144, 301 
effect of insulin, 144, 224, 225, 22b 
effect of magnesium, 260 
effect of pituitary extract, 238 
effect of posterior pituitary, 235, 503 
effect of starvation, 38, 144, 178, 485, 
649 

effect oi thyroid, 249 
formation from glucose, 112 
glucose formed from, 112, 114 
m diabetes, 68, 301, 308 
in diabetic Letosis, 322, 324 
in Houssay dog, 237 
in pregnancy, 197, 503 
measured by phlorizin, 308 
relation to ketosis, 452, 454 
of muscle, after adrenalectomy, 246 
after hypophyscctomy, 236 
after pancreatectomy, 220 
effect of cortical extract, 247 
effect of epinephrine, 244 
formation from fructose, 111, 114, 140, 
143 

lactic add formed from, 45, 47, 116, 
119, 20J 

not available for blood glucose forma- 
tion, 137, 138 
oxidative metabolism, 122 
Glycogenosis (Von Gierke’s Disease), 349, 516 
Glycolysis, in spinal fluid, 162, 255 
Glycosuria, alter pancreatectomy, 217 
alter starvation, 176 
as criterion of diabetic treatment, 319 
benign, 189, 331, 334 
blood glucose in, 334 
classification, 331 
glucose tolerance in, 334 
relation to diabetes, 335 
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respiratory quotient in, 69 
differentiation from other meliturias, 106, 
332 

effect of lactation, 197 
from drugs, 133 
from epinephrine, 243 
from galactose, in diabetes, 220 
from phlorizin, 25S 
in diabetes, effect of diet on, 309 
in hyperthyroidism, 51, 338 
normal, 133, 189 
of diabetes, 296, 301, 309 
diurnal variations, 309 
of pregnancy, 196 
relation to blood glucose, 133, 190 
renal, 332 
ketosis from, 515 
Qlycuresis, 188 

Glycuronic add, see Glucuronic add 
G:N ratio, 21, 141 
after pancreatectomy, 21, 141, 218 
after phlorizin, 21, 141, 256 
in diabetes, 66, 68, 142 
of Houssay dog, 237 
of various proteins, 141 
Goat, effect of pancreatectomy, 217, 219 
Goiter, see Hyperthyroidism 
Gonadotrophic hormone, 58 
effect on carbohydrate metabolism, 242 
of urine in gonadal defidency, 590 
Gonads, see Sex glands 
Gout, arteriosclerosis and nephritis of, 70S, 
969 

avian, 973 

blood and urine uric add in, 70S, 909 
blood creatinine in, 915 
blood nonprotein nitrogen in, 70S 
blood urea in, 969 
diet in treatment of, 972 
effect of purines on blood and urine uric 
add, 970 
nature of, 971 
treatment by uncase, 973 
uric add clearance in, 970 
uric add in concretions, 956, 969 
Grape sugar, see Glucose 
Growth, hormone, 58 

effect on carbohydrate metabolism, 242 
effect on protein metabolism, 236, 242, 
672 

protein requirement for, 657, 659, 665 


Guanidine, liver injury from, 257 
Guanidoacetic add, creatine formed from, 
427, 749, 782, 799, 899 
fatty liver from, 427, 907 
formation from arginine, 749, 782 
formation from glycine, 749, 899 
formed in kidney, 749, 782, 799 
in normal urine, 782 
Guanine, structure, 938 

Heart, disease, blood urea and urea dearance 
in, 854 

carbohy drate metabolism in, 351 
effect on diabetes, 351 
oxygen debt in, 74 
failure, basal metabolism in, 73 
blood amino add in, 809 
blood lactic add in, 205, 352 
blood nonprotein nitrogen in, 684 
blood uric add in, 976 
protein metabolism in, 684 
treatment with glucose, 352 
glycogen of, 138 
after pancreatectomy, 222 
formation from lactic acid, 138 
lactic add utilised by, 133, 139, 204 
respiratory quotient of after pancreatec- 
tomy, 222 

Heat, see also Temperature 
elimination by radiation and vaporization, 
10, 12 

loss, effect of sweating, 16 
production, see Caloric value and Heat value 
value of COj, 5,6,7, 8,9, 11 
value of oxygen, 5, 6, 7, 8, 9 
Height, relation to basal metabolism, 28 
Jfemachromatosis, 316, 349 
Hemolysis, intravascular, bfood nonprotein 
nitrogen in, 706 

Hemorrhage, blood amino add after, 261, 803 
blood glucose after, 261 
blood lactic add. after, 261 
blood nonprotein nitrogen after, 676 
blood pyruvic add after, 261 
blood urea after, 853 
carbohydrate metabolism after, 261, 342 
protein metabolism after, 676 
urea dearance after, 676, 853 
Hepatitis, infectious, serum lipid in, 524, 528 
methionine for treatment of, 529 
toxic, serum lipid in, 526 -■ 
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Heptylic acid, glycogen formed from, 139, 
140 

Ilexokinasc, action, 112, 114 
of anterior pituitary on, 221 
of insulin on, 221, 224 
IJcxoses, nature, 97, 99 
structure, 97, 99 

Hexosepbosphalc, in blood cells, 161 
Uippuric add, formation from benzoic add 
and glydne, 746, 745 
test of kidney function, 748 
test of liver function, 748 
Histamine, action, 778 
formation from histidine, 778 
structure, 778 

Histidine, carnosine formed from, 777 
creatine not formed from, 777 
effect on gastric function, 779 
essential, 776 

glutamic add formed from, 777 
glycogen formed from, 777 
histamine formed from, 778 
d'isomcr utilized, 776 
of urine, In pregnancy, 779 
purines not formed from, 777 
structure, 737, 776 
Histone insulin, 234 

Homocysteine, formation from methionine, 
785 

nomocystine, as substitute for methionine, 
427 

fatty User from, 428 
formation from methionine, 785 
Homogentisic acid, destroyed in body, 761 
formation from phenylalanine and tyro- 

in blood, 160 

in urine, alcaptonuria, 761 
Hot baths, effect on COj elimination and 
respiratory quotient, 43 
effect on urine ammonia, 883 
ovcrventilation from, 43 
Houssay dog, see Dog, Iloussay 
Humidity, effect on basal metabolism, 43 
Hydrazine derivatives, melitima from, 189 
liver injury from, 257 
Hydrogen-ion concentration, sec pH 
Hydronephrosis, sec also Kidney, surgical 
conditions of 
urea clearance in, 861 


Hydrops, congenital, vitamin K deficiency, 
620 

fMIydrosy butyric add, see hi so Ketones and 
Ketosis 

as substitute for carbohydrate, 130, 441, 
453, 462 

relation to ncctoacelic add, 449 
respiratory quotient of, 39 
structure, 439 

17-Hydroiycorticosterone, structure, 599 

Hydroxy-glutamic add, Junctions, 7S6, 759 
not essential, 756 
structure, 738 

Hydroxy lysine, not essential, 731, 755 
structure, T37 

p-IIydroxyphcny Ipynivic add in urine, 
effect of phenylalanine and tyrosine, 763 
in alcaptonuria, 763 
in vitamin C deficiency, 763 

Hydjoxyphenyb in urine, in pemirious 
anemia, 768 

nydroxyproline, glycogen formed from, 760 
not essential, 759 
structure, 737, 759 

Hypercholesterolemia, see Cholesterol, of 
blood 

Hyperglycemia, sec Glucose, of blood and 
Glucose, tolerance 

HypcnnsuUnism, see also Hypoglycemia, 
spontaneous and Hypoglycemia, pan- 
creatic, 326, 327 

Hyperparathyroidism, blood nonprotein ni- 
trogen in, 669 

Hyperpituitarism, see Acromegaly 

Hyperpnea, sec Ov erven illation 

Hypertension, basal metabolism in, 73, 75 
blood glucose in, 341, 353 
blood nonprotein nitrogen in, 702 
blood uric add in, 976 
glucose tolerance in, 341 
eadeaa<t7 Ishad sa, 33 
relation to diabetes, 341 

Hyperthyroidism, absorption of sugars in, 
51, 248 

basal metabolism in, 49, 54, 56 

blood amino add in, 804 

blood glucose in, 51, 338 

carbohydrate metabolism in, 51, 249, 338 

creatinvria and creatine tolerance in, 922 

diabetes aggravated by, 301 

diet in treatment of, 54 
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effect of cervical sympathetic, 62 
effect of iodine, 54 
effect of thiourea and thiouradl, 55 
energy expenditure for cxerdse in, 51 
galactose tolerance in, 339, 34 7 
glucose tolerance in, 51, 249, 338 
glycosuria in, 51, 338 
insensible perspiration in, 51 
nature of, 54 
nervous origin, 62 
protein metabolism in, 49, 56, 668 
relation of pulse rate to basal metabolism 
in, 51 

respiratory quotient in, 51, 338 
serum cholesterol in, 497 
serum creatine in, 911 
after creatine ingestion, 911, 923 
serum fat in, 498 
serum phospholipid in, 498 
specific dynamic action of protein in, 34 
thyrotrophic hormone in serum and urine 
in, 58 

urine creatine in, 923 
x-ray treatment, 55 

Hypoglycemia, see also Glucose, of blood 
after exerdsc, 179 
cause of symptoms, 228 
convulsions of, 138, 229, 330 
from insulin, 228 
from pituitary extract, 242 
functional, 329 
glucose tolerance in, 330 
hepatic, 229, 327 
in encephalitis, 254, 331 
in vomiting of pregnancy, 340 
obesity from, 42, 234 
of lactation, 197 
ol raffle fever, 197 
of starvation, 163 
in Houssay dog, 237 
of the newborn, 331 
pancreatic, 327 
glucose tolerance in, 328 
pathological results, 229, 254 
post alimentary, 168 
spontaneous, classification, 326, 327 
symptoms, 228, 254, 313 
llypophysectomy, see Pituitary, removal 
Hypophysis, see Pituitary 
Hypopituitarism, basal metabolism in, 56, 
59,60 


glucose tolerance in, 51 
Hypoprothrombinemia, from vitamin A, 615 
from vitamin K defidency, 617 
neonatal, pathology, 620 
treatment, 620 
vitamin K defidency, 618 
Hypothalamic obesity, see Obesity, hypo- 
thalamic 

Hypothalamus, and obesity, 42, 60, 516 
effect on basal metabolism, 63 
effect on carbohydrate metabolism, 252, 
254 

effect on serum lipid, 509 
effect on temperature, 63 
Hypothyroidism, basal metabolism in, 50, 
52 , 55 

blood glucose in, 339 

carbohydrate metabolism in, 51, 250, 339 
creatine tolerance in, 922 
effect of thyroid on, 53, 55 
glucose tolerance in, 250, 339 
insensible perspiration in, 51 
protein storage in, 668 
serum cholesterol in, 54, 497 
serum creatine in, 9ll 
after creatine ingestioD, 911, 923 
serum fat in, 498 
serum iodine in, 54, 55 
serum lipids in, 55, 497, 498 
effect ol diet, 500 

serum non-filtrable magnesium in, 54 
serum phospholipid in, 498 
specific dynamic action of protein in, 34 
thyrotrophic hormone in scrum and urine 
in, 58 

urine creatine in, 923 
Hypo san thine, structure, 946 

Icterus, blood uric add in, 975 
Icterus gravis neonatorum, vitamin K defi- 
dency, 620 

Indican, from indol, 775 
Indol, conjugation in liver, 776 
formation from tryptophane, 775 
Infancy, basal metabolism in, 30 
blood uric add in, 966 
creatinuria of, 90S 
glucose tolerance in, ISO 
protein requirement in, 659 
urine uric add in, 966 
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Infection, blood amino add in, £03 
blood glucose in, 3-12 
blood nonprotcin nitrogen in, 6S0 
blood urea in, 6S0, £53 
carbohydrate metabolism in, 3-42 
diabetes aggravated by, 63, 211, 300, 315, 
321, 34 3 

fecal nitrogen in, 63! 
glucose tolerance in, 312 
of urinary tract, urine ammonia in, R9\ 
protein metabolism in, <55, 653, 628 
serum carotenes In, 613 
serum lipids in, 537 
scrum vitamin A in, 613 
urine amino add in, 6S0 
urine ammonia, nitrogen and urea in, 653, 
680 

Inosinic acid, nature, 911 
structure, 947 

Inositol, fatty liver from, 414 
in ccpbalins, 331 
lipotropliic action, 431, 434, 519 
structure, 380 

treatment of anhosis of liver by, 529 

ln«cnsible perspiration, see Terspiration, in- 
sensible 

Insulin, action, 221, 504 

effect of exercise, 228, 312, 313 
effect of starvation, 227 
in mire, 224 
of zinc with, 232 
on hexokinasc, 221, 224 
opposed by posterior pituitary , 235 
summarized, 229 
allergic reactions to, 316 
antagenistieaction of epinephrine, 230, 244 
antagonistic action of posterior pituitary, 
223 

chemical nature, 216 

combined or mixed, action and use in 
diabetes, 232, 314 
counterreactions to, 230 
crystalline, action and use in diabetes, 310 
destruction or elimination, 230 
diabetes induced by, 226, 240, 298 
effect after pancreatectomy, 220, 224, 504 
effect in diabetic ketosis, 504, 512 
effect of arginine on, 234 
, effect cjrarid-baso balance, 69 
effect on alimentary hyperglycemia, 226 


effect on arterial -venous glucose differ- 
ence, 309 

effect on blood amino add, 219, 225, 804 
effect on blood and urine uric add, 968 
effect on blood glucose, 225, 310 
effect on blood glutamine, 759 
effect on blood lactic add, 230 
effect on blood nonprotein nitrogen, 685 
effect on carhohy dratc utilization, 226 
effect on deamination, 224, 225 
effect on dihydroxyaoelone utilization, Ilf, 
2 25 

effect on fat formation from carbohy dratc, 
67, 225, 227 

effect on fructose utilization, 225 
effect on galactose utilization, 225 
effect nn glucose formation in liver and 
tissues, 211 

effect on glucose tolerance, 226, 227 
effect on gl> cogen in liver and muscle, 144, 
221, 225, 226 

effect on ketone formation, 224 
effect on ketones of blood, 5(M 
effect ou lipid metabolism, 504 
effect on oxygen consumption of muscle, 
224 

effect on protein metabolism, 219, 225, 6S5 

effect on scrum lipid, 501 

globifl, action, 234 

histone, 234 

hypoglycemia, 228 

effect of dihydroxy acetone and fructose, 
111,225 

effect of exercise on, 228 
effect of galactose, 225 
mtnnasal administration, 217 
in treatment of diabetes, 69, 293, 309, 323 
in treatment of malnutrition, 234 
in treatment of pregnancy toxemia, 340 
ketosis, induced by, 4.91, SOS, 513 
long acting types, 232 
not needed by brain, 221 
not needed by testis, 221 
oral, effect, 216, 639 
prevents pituitary diabetes, 240 
protamine, duration of action, 313 
effect on blood glucose, 132 
nature and action, 232 
use in diabetes, 233, 313 
required after pancreatectomy, 297 
resistance, from allergy, 316 
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resistance, in diabetes, 311,315 
sensitivity, after adrenalectomy, 246 
after hypophysectomy, 221, 235 
Jn diabetes, 315 
in pituitary cachexia, 336 
shock, coronary occlusion from, 352 
epinephrine in treatment of, 230, 244 
relation to blood glucose, 229 
“starvation diabetes” from, 179, 226 
substitutes for, 257, 259 
treatment of diabetes with, 309, 318 
treatment of schizophrenia with, 254 
Intestinal juice, ammonia in, 877 
Intestinal obstruction, see Gastrointestinal 
obstruction 

Intestinal wall, isomerase in, 108 
phosphatase in, 109 

Intestine, cholesterol esters formed in, 398 
glucose formed from fructose by, 108, 114 
glycerol formed by, 401, 408 
phospholipid formed by, 404 
Inulin, excretion by kidney, 101, 134 
nature, 101 

Iodine, effect in hyperthyroidism, 54 
effect on basal metabolism, 54, 55, 59, 64 
effect on blood nonprotein nitrogen and 
protein metabolism, 674 
effect on thyrotrophic hormone, 57 
number of serum fatty add, 418, 474 
effect of diet, 480 
in biliary obstruction, 523 
fn thyroid disease, 499 
of blood, in hypertension, 73 
of serum, in hypothyroidism, 54, 55 
protein combined with, thyroid activity, 
771 

Irritable heart, see Effort syndrome 
Isoandrosterone, structure and nature, 591 
Isodtric add, in carbohydrate oxidation, 126, 
127 

Isoleudne, essential, 731, 753 
glycogen formed from, 731, 754 
ketones formed from, 731, 754 
structure, 737 

Isomerase, action of, 10S, 114, 117 
in intestinal wall, 108 

Joint fluid, see Synovial fluid 

Kerasin, glucose in, in Gaucher’s disease, 
383,544 


structure, 382 

Ketogenesfs, see Ketones, formation 
Ketogenic hormone, 58 
a-Ketoglutaric add, formed from acetic add, 
128 

formed from acetoacetic add, 128 
role in carbohydrate oxidation, 127 
Ketone radicles in sugars, 97 
Ketones, distribution in blood, 487 
excretion by kidneys, 450 
formation, 438 
by kidneys, 465 ' 
effect of insulin, 224 
from amino adds, 446, 731, 741 
from even-carbon fatty adds, 445 
from fat, 38, 66, 440, 443, 447 
from fatty adds, 38, 66, 440, 443, 447 
from isoleudne, 731, 754 
from leudne, 447, 449, 731, 754 
from odd-carbon fatty adds, 446, 449 
from organic adds, 447, 448 
from protein, 446, 731, 741 
in diabetes, 66, 511 
in liver, 440 
in starvation, 38 

multiple alternate oxidation theory, 443 
/^oxidation and coupline of acetic acid, 
444 

/1-oxidation theory, 442, 445 
respiratory quotient of, 21 
interrelations of, 449 
of blood, effect of insulin , 504 
in diabetic ketosis, 511 
in pregnancy' and pregnancy toxemias, 
536 

in starvation, 486, 488 
normal concentration, 487 
relation to urine ketones, 488 
of urine, effect of epinephrine, 245 
in pregnancy and pregnancy toxemias, 
536 

in starvation, 178, 488 
normal, 487 

substitute for carbohydrate, 130, 441, 453, 
462 

utilization, effect of glucose, 441 
rate of, 442, 455 
utilized by muscle, 440, 461 
utilized in diabetes, 441, 461 v 
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Ketonuria, see also Ketosis and Ketones of 
of Houssay dog, 237 

2-Keto-phosphohexonatc, formation, 128 

Ketosis, acid-base balance in, 322, 323, 455, 
501,511 

adaptation to, 403 
after pancreatectomy, 219, 501 
alkali deficit In, 38, 39, 455 
causes of, 451 
definition, 442 

diabetic, acute abdominal syndrome in, 
351 

alkali deficit in, 504, 511 
blood glucose in, 322 
blood ketones in, 511 
blood nonprotein nitrogen in, 686 
causes of, 321, 512 
dehj dratlon in, 323, 504, 5f0, 511 
effect of insulin, 501, 512 
fat metabolism in, 503, 510 
from starvation, 321 
glucose in treatment of, 324, 504, 512 
insulin in treatment of, 323, 504, 512 
liver glycogen in, 322, 324 
protein metabolism in, 38, 65, 66, 322, 
453,649,653,685 
respiration ui, 322, 51 1 
serum bicarbonate in, 322, 323, 504, 511 
senim COj content in, 511 
scrum lipid in, 508, 510 
serum protein in, 510 
sodium depletion in, 323 
treatment, 323, 512 
with sodium lactate, 325 
urea clearance in, 686 
urine ketones in, 511 
vomiting in, 322, 511 
effect of adrenal cortex, 505 
effect of age, 494 
effect of exercise, 454, 461, 491 
effect of fat, 493 
effect of fatty liver, 430 
effect of protein, 493 
effect of sex, 489, 494 
effect of species, 494 
effect on blood uric arid, 511, 964, 965 
fat metabolism in, 453, 503, 510 
from bicarbonate, 495 
from car bob> drate starvation, 442, 513 
from drugs and poisons, 258, 495 


from epinephrine, 245, 506 
from exercise, 48 

from gastrointestinal obstruction, 518 
from overventifation, 495 
from phlorizin, 496 
from pituitary extract, 223, 2JS, 501 
effect of adrenalectomy, 502 
from renal gJ) cosuria, 535 
in acromegaly, 335 
in alkali excess and CQj deficit, 495 
in cyclic vomiting, 518 
in glycogenosis, 516 
in liver disease, 530 
in pregnancy toxemias, 536 
in pyloric obstruction, 518 
in treatment of epilepsy, 518 
in vomiting of pregnancy, 340, 518 
induced by insulin, 491, 50S, 513 
of carbohydrate starvation, 38 
of pregnancy, 50$ 
of starvation, 3S, 178, 649 
effect of carbohydrate, 492 
of vomiting, 518 

of white snake root poisoning; 25S 
protein metabolism in, 38, 66, 322, 453 
619,685 

protein-sparing action of, 453 
relation to liver glycogen, 452, 454 
scrum base in, 504, 511 
urine ammonia in, 8S4, 885, 888, S90 
variable species susceptibility to, 442 
1 7-Kelostcroids, from adrenal cortex, 593 
formed from adrenal cortical steroids, 601 
of urine, effect of age, 592, 593 
effect of androgens on, 593 
in Addison’s disease, 594 
in adrenocortical syndrome, 593, 596, 
601 

in pituitary cachexia, 594 
in pregnane)’, 593 

measure of androgenic activity, 591 
normal female, 593 
normal male, 592 

relation to gonadal function, 592, 594 
Kidney, ammonia forma ticn in, 75S, 798, 
874, 876, 877, 878 

cholesterol deposits in, in nephritis, 533 
chronic passive congestion of, effect on 
blood nonprotein nitrogen, 684 
creatine formation in, 900 
destruction, serum lipid after, 532 
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disease, see also Nephritis 
creatinine clearance in, 918 
serum creatine in, 919 
serum lipid in, 530 
excretion of creatine by, 905 
excretion of creatinine by, 903 
excretion of dulcitol by, 134 
excretion of fructose by, 134, 195 
excretion of galactose by, 134, 195 
excretion of glucose by, 133, 190 
excretion of inulin by, 101, 134 
excretion oi ketones by, 450 
excretion of lactose by, 106, 133, 198 
excretion of mannitol by, 134 
excretion of raffinose by, 133 
excretion of sorbitan and sorbitol by, 134 
excretion of sucrose by, 106, 133, 194 
excretion of urea by, 840 
excretion of uric add by, 962 
excretion of xylose by, 133 
function, amylase test of, 212 
hippuric add test of, 748 
urea clearance as measure of, 844, 858 
urine urea concentration as test of, 845 
glucose formed by, 138 
glucose in, 158 

guanidoacetic add formed in, 749, 782, 799 
hippuric add formed in, 747 
Injured by cystine, 789 
injured by protein, 695 
injured by sucrose, 157, 195 
ketones formed by, 465 
lesions from essential fatty add deficiency, 
407,425 

lesions of, with fatty liver, 425, 438, 696 
lipid metabolism of, 465 
removal, blood amino add after, 703 
blood ammonia after, 703 
blood creatine after, 703, 915, 9l9 
blood creatinine after, 703, 915 
blood nonprotein nitrogen after, 703 
blood urea after, 703 
blood uric acid after, 703 
serum lipid after, 532 
surgical conditions, blood creatinine in, 
916,917,918 

blood nonprotein nitrogen in, 702 
Kreb’s c>de of carbohydrate oxidation, 125, 
126 

Kynurenic add and Kynurenine from 
1-tryptophane, 773, 774 


Lactate, as substitute for bicarbonate, 207 
tolerance, test for liver disease, 348 , 
treatment of diabetic ketosis with, 325 
Lactation, blood amino add in, 806 
effect on diabetes, 198, 339 
effect on glycosuria, 197 
formation of lactose in, 197 
hypoglycemia of, 197 
protein metabolism in, 62, 666 
protein requirement in, 666 
serum lipid in, 507 

Lactic add, anaerobic formation in muscle, 
26, 205, 119, 120 
dehydrogenase, action, 118 
distribution in blood, 201 
distribution in body, 202 
formation, from glycogen, 45, 47, 116, 119, 
203 

energy produced, 120, 121 
in diabetes, 130, 316 
in muscle, 45, 47, 116, 119, 203 
from pyruvic add, 118 
formed after pancreatectomy, 130, 220 
function of, 118, 120, 203 
glycogen formed from, 26, 27, 45, 47, 120, 
140,204 

glycogen in heart from, 138 
in autoglycolysis of blood, 161, 201 
in carbohydrate metabolism, 45, 47, 119 
in exercise, 25, 26, 45, 47, 12 1 , 203 
of Wood, after hemorrhage, 261 
arterial-venous difference, 121, 202 
effect of altitude, 205 
effect of dihydroxyacetone, 35, 108, 207 
effect of epinephrine, 244 
effect of fructose, 35, 108, 136, 207 
effect of insulin, 230 
effect of sucrose, 35, IDS, 136 
effect of venous stasis, 205, 207 
from autoglycolysis, 162, 201 
in alkali excess and CO, deficit, 206 
in asthma, 353 
in bronchitis, 353 
in diabetes, 316 
in exercise, 47, 121, 203 
in heart disease, 205, 352 
in overventilation, 206 
in oxygen want, 205 
in pneumonia, 353 
in pregnancy, 207 
in pregnancy toxemias, 341 
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Lactic acid, of blood — Coni. 
in thiamin deficiency, 251 
in tuberculosis, 353 
normal concentration, 201 
removal from blood, 201 
tolerance test for liver function, 207 
utilized by brain, 201 
utilized by heart, 138, 139, 201 
Lactogenic hormone, 59, 197 
effect on carbohydrate metabolism, 243 
Lactose, cataracts from, 199 
digestion, 103 

excretion by kidney, 106, 133, 198 
formed from glucose, 197 
formed from monosaccharides, 198 
in blood, excreted in urine, 106, 133, 193 
in urine, in pregnancy, 197 
of milk, formation, 198 
structure, 101, 102 
toxic effects, 199 
Lactosuiia, 197, 198 
Led thin, see also Phospholipid 
choline in, 380 
distribution of, 383 
fatty adds in, 381, 382 
lipo trophic action, 424 
of scrum, normal, 472 
reaction with cobra venom, 385 
structure, 380, 3Sl 
vehicle for fatty acids, 401 
Leucine, acetic acid formed from, 754 
essential, 731, 753 
glycogen not formed from, 731, 754 
d-isomer utilized, 731, 754 
ketones formed from, 447, 449, 731, 7S4 
structure, 738 

Leucocytes, cause of autoglycolj sis in blood, 
161 

Leukemia, basal metabolism in, 38, $1, 72 
blood amino aad in, 809 
blood uric acid in, 972, 976 
Levulose, see Fructose 
Light, effect on protein metabolism, 661 
ultraviolet, 7-dehydrocholesterol activated 
by, 392 

effect on antirachitic vitamin, 389, 392 
effect on ergosterol, 390 
Lignoceric add, in kerasin, 382 
in sphingomyelin, 381, 382 
Linolek add, as essential food constituent, 
397,407,409,425 


Lipase, activated by bile, 394 
hydrolysis of fats by, 393 
in pancreatic juice, stomach and succus 
entericus,393 
Iipemia, essential, 540 
Lipcmia retinalis, 514 

Lipid, see also Cholesterol, Tat and Phos- 
pholipids 

absorption into portal blood, 399 
dassification, 374 
distribution in blood, 474 
emulsions, Intravenous injection of, 414 
in bile, 394 
in lymph, 416, 417 
in transudates, 415 
in urine, 406 
in nephrosis, 533 

metabolism, after pancreatectomy, 503 
effect of adrenal cortex, 505 
effect of estradiol, 507 
effect of insulin, 504 
effect of pituitary, 501 
effect of thiamin, 497 
effect of thyroid, 497 
effect of vitamins, 496 
in diabetes, 508 
in nephrosis, 532 
of brain, 46S 
of kidney, 465 
of testis, 466 
of blood cells, 474 
effect of diet, 480 
in anemia, 537 

of feces, in biliary obstruction, 519 
in pancreatic steatorrhea, 519 
of liver, in fatty liver, 424, 430, 432 
nature, 419, 422 
of milk, 467, 468 
ongLn, 466 

of serum, after h> pophysectomy, 500, 502 
after kidney destruction, 532 
after pancreatectomy, 503 
diurnal variations, 481 
effect of age, 475 
effect of diet, 477, 482, 483 
effect of drugs, 457, 458, 495, 496, 526 
effect of epinephrine, 506 
effect of estrone, 507 
effect of exercise, 495 
effect of hypothalamus, S09 
effect of insulin, 504 
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effect of phlorizin, 496 
effect of pitressin, 503 
effect of pituitary extract, 501 
effect of posterior pituitary, 503 
effect of race, 476 
effect of sex, 476 
effect of testosterone, 506 
effect of vomiting, 518 
in acromegaly, 503 
in acute nephritis, 531 
in acute yellow atrophy of liver, 457, 526 
in adrenocortical syndrome, 505 
in anemia, 536 
in basophilism, 503, 505 
in biliary obstruction, 523, 524, 527 
in carbohydrate starvation, 486 
in cirrhosis of liver, 524, 526, 528 
in diabetes, 508 
effect of diet, 509 
in diabetic ketosis, 508, 510 
in epilepsy, S17 

in fatty liver, 424, 430, 432, 482 
in Gaucher’s disease, 544 
in glycogenosis, 516 
in hepatitis, 524, 526, 528 
in hypothalamic obesity, 516 
in hypothyroidism, 55, 497, 498 
effect of diet, 500 
in infections, 537 
in kidney disease, 530 
in lactation, 507 
in liver disease, 522 
effect of diet, 528 
in malnutrition, 481, 486, 511 
in nephritis, 530 
in nephrosis, 74, 530, 531 
effect of choline, 533 
effect of diet, S31 
effect of thyroid, 499, 532 
in nephrotoxic nephritis, 532 
in NIemann-Kck's disease, 543 
in obesity, 483 
in pregnancy, 507 
in pregnancy toxemias, 536 
in psychoses and psychoneuxoses, 517 
in SchCller-Christian disease, 541 
in skin diseases, 538 
in starvation, 482, 485 
in steatorrhea, 520 
in Tay -Sachs disease, 543 
in xanthomatosis, 540 


normal, 467, 469 
physical state of, 414 
protein combined with, 415 
of tissue cells, 418 
permeability of capillaries to, 415 
unsaponifiable, nature, 392 
Lipid nephrosis, see Nephrosis 
lipid phosphorus, see Phospholipids 
Lipocaic, lipotrophic action, 431, 432, 502, 
519 

Lipoidoses, 539 
of diabetes, 514 
"Iipoitrin,” 503 
Iipositol, see Cephalins 
lipotrophic action, of arsenocholine, 427 
of betaine, 427 

of choline, 426, 428, 429, 430, 433, 434 
of inositol, 431, 434, 519 
of lecithin, 424 
of lipocaic, 431, 432, 502, 519 
pf methionine, 426, 784 
of pancreas, 424, 432 
of pancreatic juice, 432 
of protein, 427, 433 
of triethylcholine, 427 

liver, acute yellow atrophy of, blood and 
urine amino add in, 675, 807 
blood and urine urea in, 675, 839, 854 
blood glucose in, 314 
blood no&protein nitrogen in, 675 
blood uric add in, 975 
serum lipid in, 457, 526 
urea formation in, 675, 794, 854 
androgens conjugated by, 492 
carotenes stored in, 609, 612 
cholesterol esters in, 422 
drrbosis, from fatty liver, 438 
from hypophysectomy and thyroidec- 
tomy, 503 
in diabetes, 514 
inositol for treatment of, 529 
serum lipid in, 524, 526, 528 
Takata-Ara reaction in, 529 
creatine formed in, 750, 799, 900 
deaminization in, 793 
disease and degeneration, arterial-venous 
glucose difference in, 110 
blood ammonia in, 888 
blood amylase in, 211 
blood and urine amino add in, 675, 806 
blood glucose in, 344 
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liver, disease and degeneration— Coni. 

Wood nonprotein nitrogen in, 675 
blood urea in, 67 5, 854 
blood uric add in, 975 
carbohydrate metabolism in, 344 
choline for treatment of, 5 29 
effect of epinephrine on blood glucose 
in, 348 

effect on diabetes, 316, 349 
fructose tolerance tn, 195, 345, 346 
galactose tolerance in, 195, 345, 347 
glucose tolerance in, 3-44 
ketosis in, S30 

lactate tolerance test for, 3 IS 
protein metabolism In, 675 
serum lipid in, 522 
effect of diet, 528 
scrum vitamin A in, 612 
tyrosine in urine in, 763 
vitamin K deficiency in, 621 , 622 
effect of choline on, in vitro, 429 
effect of diphtheria toxin, 211 
enlarged in diabetes, 513 
estrogens conjugated in, S97 
extracts, fatty liver from, 431 
fat, effect of posterior pituitary, 503 
effect of starvation, 422, 4S5 
fat formed in, 19, 132, 421 
fatty, 423 

after gastrectomy, 519 
cholesterol esters in, 430, 432 
effect on ketosis, 430 
fat depots in, 431 
from biotin, 431, 434 
from cholesterol, 430, 484 
from choline defidency, 426, 423, 429 
from cystine, 426, 428, 783 
from essential fatty add deficiency, 
407,425 

from guanidoacclic add, 427, 907 

from homocystine, 428 

from injury or disease, 437 

from inositol, 434 

from liver extracts, 431 

from nicotinamide, 434 

from pancreatectomy, 424, 432, 504, 513 

from pantothenic add deficiency, 434 

from phlorizin, 419 

from pituitary extract, 501, 502 

from pyridoxine, 433 

from riboflavin, 433 


from steatorrhea, 521 
from thiamin, 433 
iodine number of fat in, 426 
kidney lesions with, 425, 438, 696 
lipids in, 424, 430, 432 
serum lipids in, 424, 430, 432, 482 
serum phospholipid in, 424 
summary’, 434 

fatty adds desaturated in, 422 
fatty adds of, 377, 419, 422 
function, amino add administration as 
test of, 602, 507 
ccphalin flocculation lest of, 529 
dibydroxyacetone test for, 196 
glycine tolerance test, 747, 807 
hippuric add test for, 748 
in metabolism of fructose, 108 
lactate tolerance test, 207 
gluconic add formation in, 128 
glucose in, 157 

gly cogcn, see also Gly cogtn of liver, 137 
hippuric add formation in, 748 
injury', Irom guanidine, 257 
from hydrazine, 257 
from selenium, 257 
ketones formed in, 440 
lipid, nature of, 419, 422 
phenol conjugation in, 767, 763 
phosphatase in, 109, 1 14 
phospholipids formed in, 419 
poisons, choline protects from, 437 
effect on blood amino add, 806 
pregnanediol conjugated in, 597 
proteins of, 653 

protein reserves in, 619, 653, 660 
removal, blood amino add after, 675, 806 
blood ammonia after, 873, 889 
blood and urine urea after, 675, 839 
blood glucose after, 10S, 137, 225, 229 
fructose utilized after, 108, 111 
maltose utilized after, 111 
spetific dynamic action of amino adds 
after, 34 

urine uric add after, 947, 975 
vitamin K defidency after, 622 
respiratory quotient of, 440 
steroid hormones inactivated by, 458 
urea formation in, 794, 839, 873 
vitamin A formed and stored in dog, 609, 
612 

vitamin D stored La, 458 
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LumisteroJ, 390 
Lymph, creatine in, 902 
glucose in, 156 
lipid in, 416,417 
nonprotein nitrogen in, 635 
thoracic duct, lipids absorbed into, 399 
urea in, 836 

Lysine, deficiency, pathology and symptoms, 
. 755 

essential for growth, 658, 731, 755 
glycogen not formed from, 731, 756 
d-isomer not utilized, 731, 755 
structure, 737 

Lysocepbalin, neutralized by cholesterol, 
386,387 

Lysolerithin, neutralized by cbolesteroi, 386, 
387 

Magnesium, ion required for pbosphoryla- 
tionofglucose, 112 

non-filtrable in serum In hypothyroidism, 
54 

salts, effect on liver glycogen, 260 
Malic Acid, in carbohydrate oxidation, 125, 
126 

Malnutrition, basal metabolism in, 36 
blood amino acid in, 660 
blood nonprotein nitrogen in, 600 
blood urea in, 660 
in diabetes, 68, 686 
in nephritis, 75, 692 
in pituitary' cachexia, 60 
insulin treatment of, 234 
nitrogen equilibrium in, 659 
protein deficiency as cause of, 36, 659 
protein metabolism in, 36, 37, 659 
serum lipid in, 481, 486, 51 1 
serum protein in, 660 
Malt sugar, see Maltose 
Maltose, digestion, 103 
effect on respiratory quotient, 35 
from glycogen or starch, 114 
glycogen from, 111, 143 
. In brood, utilization, 107 
structure, 101, 102 
utilized after hep&tcctomy, 111 
Maltosuria, 214 

Mammary gland, respiratory’ quotient, 467 
Mannitol, excretion by Lidney, 134 
Mannose, absorption, 105, 107 
glycogen from, 107, 140 


utilization, 107 
d-Mannose, structure, 99 
Marasmus, carbohydrate metabolism in, 351 
Melanins, from tyrosine, 769 
Melituria, see also Gly cosuria, Galaclcsuria, 
Fnictosuria, Lactosuria and Pentosuria 
classification, 331 
differentiation, 212 # 

from drugs and poisons, 189 
vs. gly cosuria, 106 

Meningitis, spinal fluid glucose in, 255 
Menstrual discharge, nitrogen in, 643 
Menstruation, effect on basal metabolism, 61 
effect on blood nonprotein nitrogen, 665 
effect on serum cholesterol, 507 
effect on urine citrate, 210 
estrogenic activity of urine in, 596 
urine creatine in, 925 

Mental disease, sec Psychoses and Psycho- 
neuroses 

Mercapturic add, from cystine, detoxifying 
action, 784, 788 
Mercury, diuresis, 7(M 
nephritis, see Mercury poisoning 
poisoning, blood creatine and creatinine 
in, 915, 916,919 

blood nonprotein nitrogen in, 705 
blood urea and uric add in, 974 
from mercurial diuretics, 704 
protein metabolism in, 705 
symptoms and treatment, 705 
Metabolism, basal, after adrenalectomy, 60, 
246 

determination, 11, 12,28 

effect of adrenals, 60 

effect of age, 30, 31, 32 

effect of climate and season, 32, 33 

effect nf diet, 33 

effect of drugs and poisons, 64 

effect of edema, 74 

effect of epinephrine, 60 

effect of humidity, 43 

effect of hypothalamus, 63 

effect of iodine, 55, 59, 64 

effect of menstruation, 61 

effect of nervous system, 63 

effect of parathyroids, 60 

effect of pituitary, 57, 59 

effect of puberty, 30, 61 

effect of race, 32 

effect of sex, 30, 31, 32, 61 
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Metabolism — Cent. 

effect of sex glands, 60 
effect of size, 28, 30 
effect of sleep, 28 
effect of sunlight, 33 
effect of sympathetic nervous system,62 
effect of temperature, 33, 43, 44 
effect otJbiourad) and thiourea, 64 
effect of thyroid, 49, 53 
effect of thyrotrophic hormone, 57 
effect of vitamin 11, 37 
in acromegaly, 59 
jn Addison's disease, (O 
in adrenal cortical syndrome, 60 
in anemia, 37, 72 
in anorexia nervosa, 61 
in basophilism, 59, 60 
in beriberi, 37 
in bronchitis, 74 
in diabetes, 68, 69 
in effort syndrome, 55, 73 
in emphj sema, 74 
in encephalitis, 64 
in heart failure, 73 
tn hypertension, 73 
In hyperthyroidism, 49, 54, 56 
relation to puisc rate, 51 
in hypopituitarism, 56, 59, 60 
in hypothyroidism, 50, 52, 55 
in infancy, 30 
in leukemia, 3S, 51, 72 
in lymphoblastoma, 72 
in malnutrition, 37 
in nephritis, 74, 75 
in nephrosis, 74, 694 
in obesity, 39, 40 
in pituitary cachexia, 61 
in polycythemia, 72 
in pregnancy, 61 

in psychoses and psychoneuroses, 53 
in pmupenum, 62 
in shock, 74 
in steatorrhea, 38 
normal standards, 32 
relation to height and weight, 28, 30 
relation to serum cholesterol, 498, 499, 
532 

relation to surface area, 28 
surface area formula, 29 
tables for calculation, 31, 32 
COj production as measure of, II 


COj production in, !, 3, 5, 6, 8 
during change of body temperature, 44 
energy production in, 1 
evaporation of water as measure of, 12 
in exerdse, 24, 44, 46 
in fever, 44, 65 
in infections, 65 
in starvation, 38, 178, 649 
of carbohydrate, sec Carlmhydrate me- 
tabolism 

of fat, see Tat metabolism 
of protein, see Protein metabolism 
oxygen consumption as measure of, II 
oxygen consumption in, 3, 5, 6, 8 
respiratory, calculation, 8 
determination, 10 

effect of respiratory disturbances and 
arid-base balance, 24 

Methionine, cysteine, cystine, homocysteine 
and homocystine from, 785 
essential, 731, 739, 782 
guamdoacetic add methylated by, 782 
homocystine as substitute for, 427 
d-isomer utilized, 783 
lipotrophic action, 426, 784 
metabolism, 783, 785, 787 
methyl of choline from, 427 
methyl of creatine from, 782 
methyl of trigonelline from, 784 
methylating action, 427, 739, 784 
source of sul/hy dry! groups, 740 
structure, 738, 782 
treatment of hepatitis by 529 

Methyl alcohol poisoning, blood unc add 
in, 976 

Milk, fat, from serum phospholipid, 466 
fever, see also Hypoglycemia, of lactation, 
197 

formation of lactose in, 198 
lipid of, 467, 468 
origin, 466 

nonprotein nitrogen in, 654 
protein, effect of diet on, 667 
sickness, hypoglycemia, ketosis and lipe* 
mia in, 258 
sugar, see Lactose 

Monkey, effect of pancreatectomy, 217 

Monoiodoaeetic arid, effect on glucose ab- 
sorption, 105 
effect on muscle, 116, 122 
effect on oxidation of glycogen, 257 
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effect on xylose absorption, 10S 
Monosaccharides, see also Sugars 
■ absorption, 103 
chemical nature, 97, 99, 100 
formed from disaccharide, 101, 103 
optical rotation, 97, 98, 100 
structure, 99 

Monylieadd, glycogen from, 140 
Morphine, COj excess from, 64 
effect on basal metabolism, 64 
effect on blood glucose, 258 
Mucin, 101 
Mucoids, 101 

Muscle, action of monoiodoacctic acid on, 
116, 122 

aerobic metabolism of, 122 
anaerobic metabolism, 26, 119, 120, 205 
diabetic, respiratory quotient of, 116 
disease of, creatinuria in, 92 0 
urine creatinine in, 920 
fuel of, 116, 120, 130 
glucose, see also Glucose of muscle, 158 
glycogen, see Glycogen of muscle 
ketones utilized by, 440, 461 
lactic acid formation from glycogen in, 45, 
47, 116, 119, 203, 316 
mass, relation to urine creatinine, 908 
oxygen consumption, effect of insulin, 224 
phosphatase in, 114 
protein metabolism of, 798 
Muscular dystrophy, blood creatine in, 922 
creatine tolerance in, 92 1, 922 
creatinuria in, 920 
from vitamin E deficiency, 615 
serum creatine in, 922 
urine creatine in, effect of glydne, 920 
Myokinase, action, 112, 114 
MyrtilUae, effect on carbohydrate metabo- 
lism, 259 

Myxedema, see Hypothyroidism 

Necrobiosis lipoidica diabeticorum, 515 
Neodncophen, effect on blood and urine uric 
add, 967 

melituria from, 189 

Nephritis, acute, blood creatinine in, 688, 915 
blood nonprotein nitrogen in, 689 
dietary treatment, 698 
protein metabolism in, 6S9 
serum lipid in, 531 
urea clearance in, 689, 859 


alkali defiat of, treatment by diet, 695 
ammonia formation in, 889 
ammonia: titratable add ratio in urine in, 
890 

arteriosclerotic, see Nephrosclerosis 
basal metabolism in, 74, 75 
blood amino add in, 688, 692, 807 
blood ammonia in, 890 
blood creatine in, 688, 919 
blood creatinine in, 685, 688, 915 
blood ergotiuoDtine in, 792 
blood nonprotein nitrogen in, 687, 689, 690 
effect of heart failure, 684 
effect of infection, 689, 690, 691 
blood undetermined nitrogen in, 688 
blood urea in, 688, 855, 859 
blood uric add in, 6S8, 972, 974 
carbohydrate metabolism in, 75, 352 
cholesterol deposits in kidneys in, 533 
cholesterol in urine in, 533 
chronic, blood nonprotein nitrogen in, 690 
dietary treatment, 699 
protein metabolism in, 690 
urea clearance in, 691, 861 
urine ammonia in, 889 
creatine dearance in, 919 
creatinine clearance in, 918 
degenera th e, see nephrosis 
dehydration in, 692 
diet in treatment of, 692, 695, 698 
diuretics in treatment of, 692, 701 
effect of urine volume on blood nonprotein 
nitrogen in, 692 

experimental, blood nonprotein nitrogen, 
protein metabolism and urine nitrogen 
in, 706 

fat metabolism in, 75 
fecal nitrogen in, 642, 693 
glucose tolerance in, 352 
lipid in urine in, 533 
malnutrition in, 75, 692 
mercurial, see Mercury poisoning 
nephrotoxic^ serum lipid in, 532 
peritoneal lavage in treatment of, 693, 862 
prognostic significance of blood nonprotein 
nitrogen in, 689 

protein metabolism in, 75, 687, 689 
protein requirements in, 698, 699, 700 
relation of blood urea to nonprotein nitro- 
gen in, 689 . 

serum cholesterol in, 74, 530 
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Nephritis— Cent. 
serum creatine in, 919 
senim lipid in, 530 
urea as diuretic in, 701, 844, 862 
urea clearance in, 855 
effect of urine volume, $57 
urine ammonia in, 889 
urine nitrogen concentration in, 691 
urine uric arid in, 974 

Nephrosclerosis, Wood glucose and glucose 
tolerance in, 341, 353 
blood nonprotcin nitrogen in, 702 
blood uric add in, 976 
protein metabolism in, 702 
serum cholesterol in, 534 
urea clearance in, 861 
urine nitrogen in, 702 

Nephrosis, ammonium chloride as diuretic in, 
7°1 

amyloid, blood nonprotein nitrogen in, 702 
basal metabolism in, 74, 694 
blood amino acid In, 808 
btood nonprotcin nitrogen in, 693 
cholesterol in urine in, 533 
diet in treatment of, 692, 695, 69S 
glucose tolerance in, 352 
iipid in urine in, 533 
lipid metabolism in, 532 
malnutrition in, 75, 694 
protein metabolism in, 693 
serum cholesterol in, 74, 2U1 
serum lipid in, 74, 530, 531 
effect o[ choline, 533 
effect of diet, 531 
effect of thyroid, 499 
thyroid in treatment of, 74 
urea as diuretic in, 701 
urea clearance in, 860 

Nervous system, effect on basal metabolism, 
63 

effect on carbohydrate metabolism, 252, 
316 

Neuraminic acid, 383 
in brain, in Niemann -Pick's disease, 543 
in lipid accumulations, in Tay-Sachs dis- 
ease, 543 

Neurasthenia, see also Psychoses and psy- 
choneuroses, 543 

Nicotinamide, fatty liver from, 434 
trigonelline from, 434 


Nicotinic arid, in co enzymes, 120, 941 
trigonelline from, 784 

Niemann-rick’s disease, lipids of serum and 
tissues in, 543 

Night blindness, from vitamin A deficiency, 
609 

Nitrates, in urine, 634 
utilization, 634 

Nitrite, in blood, 634 

Nitrogen, caloric value of, 7 
concentration in urine, in nephritis, C01 
equilibrium, in malnutrition, 659 
with minimum protein, 654, 796 
with unlimited diets, 647 
excretion, see Nitrogen of feces 
in feces, 23, 641, 651 
in menstrual discharge, 643 
in protein, 6, 632, 654 
in sweat, 612 
in voraitus, 613 

metabolism, see Protein metabolism 
nonprotcin, see Nonprotein nitrogen 
of feces, effect of diet, 23, 641, 651 
in biliary obstruction, 519 
in diarrhea, 23, 642, 683 
in infections, 681 
In nephritis, 642, 693 
in pancreatic disease, 633, 6S8 
in pancreatic steatorrhea, 519 
in steatorrhea, 519, 683 
nature, Oil 
normal, 641 

relation to food nitrogen, 641, 647 
of urine, after pancreatectomy, 6S5 
diurnal variations, 645 
in nephritis, 646, 691 
effect of diuresis, 637, 64S, 662 
effect of glucose, 645 
effect of phlorizin, 675, 685 
in anemia, 696 
in heart failure, 684 
in infections, 653, 660 
m nephritis, 646, 690, 692 
in nephrosclerosis, 702 
in starvation, 178, 643 
minimum excretion, 651 
relation to blood nonprotcin nitrogen, 
637,645 

relation to protein in diet, 27, 645, 617 
relation to protein metabolism, 27, 643, 
647 
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relation to urine ammonia, S87 
relation to urine volume, 637, 615, 662 
with unlimited diet, 617 
partition in urine, 613 
retention in pregnancy, 665 
: sulfur ratio, in starvation, 652 
undetermined, nature, 634 
Non-fermentahle sugar, see Sugar, non- 
fermentable . 

Jfanprofein nitrogen, as cause of uremia, 691 
definition, 632 
distribution in blood, 635 
distribution in body, 636 
in feces, 637, 642 
in foods, value of, 27 
in lymph, 635 
in milk, 654 
in spinal fluid, 636 
in sneat, 637, 642, 693 
in synovial fluid, 636 
in tissues, 636 
in transudates, 635 
of blood, after adrenalectomy, 669 
after crush injuries, 707 
after hemorrhage, 676 
after intravascular hemolysis, 706 
after nephrectomy, 703 
diurnal variations, 615 
* effect of age, 665 

effect of anesthesia, 674 
effect of chronic passive congestion of 
kidneys, 684 

effect of diuresis, 662, 690, 693 

effect of drugs and poisons, 674 

effect of epinephrine, 669 

effect of exercise, 664 

effect of insulin, 685 

effect of iodine, 674 

effect of menstruation, 665 

effect of pituitary extracts, 672 

effect of sodium deficit, 663 

effect of thyroid, 668 

effect of thyrotrophic hormone, 672 

effect of urine volume, 662 

effect of vomiting, 683 

in acute yellow atrophy of liver, 675 

in Addison’s disease, 669 

in anemia, 676, 677 

in bacterial endocarditis 68? 

in basophilism, 674 


in dehydration, 662 

in diabetes, 685, 686 

in diarrhea, 683, 692 

in exercise, 661 

in experimental nephritis, 706 

in gastrointestinal obstruction, 681, 682 

in gout, 70S 

in heart disease, 684, 685 
in heart failure, 684 
in hydronephrosis, 702 
in hyperparathyroidism, 669 
in hypertension, 702 
in infections, 680 
in liver disease, 675 
in malnutrition, 660 
in mercury poisoning, 705 
In nephritis, acute, 689 
chronic, 690 

effect of heart failure on, 684 
effect of infection on, 689, 690, 691 
effect of urine volume on, 692 
. lowered by peritoneal lavage, 693 
prognostic value, 689 
relation to urea, 689 
in nephrosclerosis, 702 
in nephrosis, 693 
in peritonitis, 682 
in pneumonia, 680 
in pregnancy, 666 
in pregnancy toxemias, 707 
in pyelonephritis, 702 
in shock, 677 
in starvation, 651 

in surgical conditions of kidney, 702 
in uremia, 691 
in yellow fever, 676 
normal concentration, 634 
normal partition , 635 
relation to protein of diet, 27, 645, 647 
relation to protein metabolism, 27, 637, 
645, 617, 652 

relation to urine nitrogen, 637, 615 
of food, 27, 631, 654 

of urine, as measure of protein metabolism, 
27, 613, 615, 616 
partition, 613, 644 

Norleudne, glycogen formed from, 731, 754 
not essential, 731, 754 
structure, 738 

Nucleic arid, adenine in, 939 
carbohydrate in, 938 
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digestion, 944 

structure atul chemical nature, 938 
Nucleins, d~nbosc in, 213 
Nucleoprotcins, digestion, 944 
Nucleotides, adenine in, 941 

OVicsity, basal metabolism in, 39, 40 
diet In treatment of, 43, 661 
effect of epinephrine on respiratory quo* 
tjiTit in, 40 

energy expenditure for exercise in, 40, 44 
fat formation from glucose in, 40, 42 
fat metabolism In, 483 
from hypoglycemia, 42, 239 
glucose tolerance in, 299. 317, 341 
hypothalamic, 42. 60, 5J6 
(at metabolism In, 516 
scrum lipid in, 516 
pituitary, 41, 42 

relation to diabetes, 299, 317, 341 
respirator) 1 quotient in, 40 
serum Upid in, 483 

specific synamic action of food in, 34, 40 
Obstruction ot alimentar> tract, see Gastro- 
intestinal obstruction 
Achronosis, in alcaptonuria, 761 
Octadecyl alcohol, fat formed from, 409 
Oleic and, Structure, 375 
Operations, see Traumatic injuries 
Organic acids, ketones formed from, 447, 418 
Onuthine, glutamic acid from, 758, 781 
proline from, 759, 781 
structure, 737, 779 
urea formed by, 780, 781, 840 
Osseomucoid, 77 

Osteoporosis, from steatorrhea, 52 1 
Osteosterol, 397 

Oversentilalion, blood lactic acid in, 206 
effect on oxy gen absorption, 26 
effect on respiratory quotient, 24 
from hot baths, 43 
ketosis from, 495 
nervous, 24 
urine ammonia in, 883 
Owl, effect of pancreatectomy , 217 
Oxalate, effect on oxidation of glycogen, 257 
Oxaloacetic acid, from acetic acid, 120, 128, 
129 

from pyruvic acid, 120, ')25 , 209 


role in carbohydrate oxidation, 120, 125, 
126, 127 

Oxygen, absorption, influence of respiration 
on, 26 

consumption, os measure of metabolism, 1 1 
effect of dinitromgo) and dmitropheno), 
51,64 

for carbohydrate, 5, 7, 14 
for fat, 5, 7, 14 
for protein, 6, 7, 14 
of muscle, effect of insulin, 224 
of tissues, effect of thyroid, 49 
debt, 26, 46, 48 

in bronchitis and emphysema, 74 
in exercise, 26, 46, 43 
in heart disese, 74 

heat value in combustion of carbohydrate, 
fat and protein, 5, 6, 7, 8, 9 
want, blood lactic acid in, 205 
CO, deficit in, 205 

effect of adrenals on carbohydrate 
metabolism in, 260 

effect on carl -oh) drate tnetaliolism, 260 
serum bicarbonate in, 205 
urine ammonia in, 883 

Oxytoac principle, effect on bfood glucose, 
234 

ranctcas, adenoma of, with hyperinsulinism, 
327 

amylase from, 2l5 
disease, blood amylase in, 21 1 
diabetes from, 350 
fat absorption in, 513, 519 
protein absorption in, 6J8, 642, 670, 683 
in etiology of diabetes, 297 
lipotrophic action, 424, 432 
pathology in diabetes, 297 
removal, blood ammo acid after, 219 
blood glucose after, 220 
carbohydrate metabolism after, 2l7, 218 
diabetes from, 297 

effect in different species, 66, 217, 219 
effect of adrenalectomy on, 246 
effect of hypopbysectowy after, see also 
Dog, Houssay, 222, 235 , 237 
fat absorption after, 514, 519 
fatty liver from, 424, 432, 504, 513 
glucose tolerance after, 220 
glycogen formed after, 130, 219 
glycogen of heart after, 222 
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glycogen of liver after, 144, 220 
glycogen of muscle after, 220 
glycosuria after, 217 
G:N ratio after, 21, 141, 218 
in man, 217 

insulin action after, 220, 224, 501 
insulin required after, 297 
ketosis after, 219, S04 
lactic add formed after, 130, 220 
lipid metabolism after, 503 
protein absorption after, 670 
protein digestion after, 638 
protein metabolism after, 217, 219, 670, 
685 

respiratory quotient after, 217, 218 
respiratory quotient of heart after, 222 
serum lipid after, 503 
species differ in reaction to, 66, 217, 219 
steatorrhea after, 513, 519 
vitamin deficiency after, 514 
Pancreatic hypoglycemia, 327 
glucose tolerance in, 328 
Pancreatic secretion, lipase in, 393 
lipotrophic action, 432 
urea in, 836 

Pancreotrophic hormone, 242 
Pantothenic acid, defidency, fatty liver 
from, 434 

Parathyroid, effect on basal metabolism, 60 
effect on blood glucose, 250 
effect on blood nonprolein nitrogen, 668 
effect on carbohydrate metabolism, 250 
Parotitis, epidemic, carbohydrate metabolism 
in, 353 

Pentosan, chemical nature, 101 
digestion, 102 
origin, 102 

Pentose, in nucleic adds, 938 
nature of, 97, 99 
origin of, 212 
structure of, 97, 99 
utilization, 107 
Pentosuria, 212 
d-ribose in urine in, 213 
role of glucuronic add in, 213 
tests for, 213 
/-xylulose in urine in, 107 
Peritoneal lavage, in treatment of nephritis, 
693,862 

Peritonitis, blood nocprotein nitrogen in, 68 2 


Peraidous anemia, hydroxyphenyls in urine 
in, 768 

Perspiration, insensible, estimation of metab- 
olism from, 13 
in hyperthyroidism, 51 
in hypothyroidism, 51 
pH, effect on autoglycolysw of blood, 16t 
relation to ammonia, 880 
Phenol, as cause of uremia, 768 
conjugation in liver, 767, 768 
formation, from pheny lalanine and tyro- 
sine, 767 

relation to ethereal sulfate, 767 
of blood in disease, 763 
Phenylalanine, alcaptonuria from, 761 
ascorbic add in metabolism of, 762, 764 
essential, 731, 739, 760 
glycogen formed from, 761, 763 
homogen tisic add formed from, 761 
p-hydroxyphenylpyruvic add in urine 
from, 763 

ketones formed from, 447, 449, 762, 763 
metabolism, summary, 765, 766 
phenol formed from, 767 
phenylpyruvic add formed from, 744 
phenylpymvic add in urine in phenyl- 
pyruvic oligophrenia from, 764 
structure, 737, 760 
tyrosine formed from, 760 
Phenylpyruvic add, from phenylalanine, 744 
in urine in thiamin deficiency, 763 
Phenylpyruvic oligophrenia, 764 
phenj Ipyruvic add in urine from phenyl- 
alanine in, 764 

Phlorizin, action, 21, 134, 141, 144, 194, 255, 
496 

effect on blood glucose, 255 
effect on carbohydrate metabolism, 21, 134, 
141,144,194,258 

effect on protein metabolism, 255, 256, 675, 
685 

effect on serum lipid, 496 
fat mobilized by, 419 
fatty liver from, 419 
glycogen depletion by, 144, 256 
glycosuria from, 255 
G:N ratio after, 21, 141, 256 
ketosis from, 496 
liver glycogen measured by, 30S 
prevents pituitary diabetes 240 
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Phlori2tnized animal, respiratory quotient 
of, 256 

Phosphatase, in intestinal wall, iqt> 

to liver, 107, 1 14 J 
in muscle, 114 J 

Phosphate, high energy bonds, 112, 116, 

118, 121 I 

in nucleic acid, 038 * 
inorganic, phospholipid phosphate derived 
from, 41 1 

of serum, effect of glucose, 109 
I’Jtospha tidy! ethanola mine, see Cephalhjs 
Phosphatidyl serine, see Cephalitis 
Phosphocreatine, see Creatine, phosphate 
rhospho-Enot -Oxaloacetic acid, 129 
Phosphoglucomutasc, action, 1 32 
Phosphoglycerate.in blood cells, 161 
Phosphoglyceric arid, formation of, 117 
Phosphohexokinase, action, 117 
6-Phosphohexonate, formation, 128 
Phospholipid, absorption of, 397, 402 

into portal blood and thoracic duct 
lj mph, 401 
summarized, 402 
adsorption by proteins, 383 
distribution to blood, 474 
distribution in body, 383, 384 
fatty adds in, 381, 332, 384 
formed by intestines, 404 
formed to liver, 419 
function to fat absorption, 385, 395 
function in fat metabolism, 385 
to bile, 391 

to cel! membranes, 385 
in feces, 404 
to liver, 419, 422 
of serum, after nephrectomy, 5 32 
effect of fat, 477 
in anemia, 536 

in biliary obstruction, 523, 524, 527 
in carbohydrate starvation, 486, 494 
in cirrhosis of liver, 527, 52S 
in diabetic ketosis, 508, 510 
in epilepsy, 517 

in fatty liver, 424, 430, 432, 482 
in hepatitis, 524, 528 
in hyperthyroidism, 498 
to malnutrition, 481, 486, 511 
in nephrosis, 531 
in pregnane}', 507 
in starvation, 485 


in thyroid disease, 498 
in xanthomatosis, 540 
milk fat from, 46 6 
normal, 469 

saturation of fatty acids in, 418, 423 
phosphorus from inorganic phosphate, 411 
relation to cholesterol in serum, normal, 
469,470,472 
structure, 380 
synthesis, 411 

unsaturated fatty arid to, 418, 423 
Phosphop)ivric add, formation, 118 
Phosphoric add, see also Phosphate 
effect on urine ammonia, 883 
Phosphor} lose, 112 

Phosphorylation in absorption of glucose, 105 
Phrenosto, structure, 382 
Fhrcnosinic arid, 382 
Pig, effect of pancreatectomy, 217 
Piperazine, effect on uric acid of blood and 
urine, 967 

Piqflrt diabetes, 252 
ritoon, effect on blood glucose, 234 
Pitressin, effect on blood amino add, 804 
effect on blood glucose, 234 
effect on serum lipid, 503 
rituitary, see also Acromegaly and Hypo- 
pituitarism 

anterior, action on hexoktoase, 221 
action on thyroid, 56 
effect on basal metabolism, 57, 59 
effect on carbohydrate metabolism, 
summarized, 241 
effect on lipid metabolism, 501 
effect on protein metabolism, 671 
extracts, effect on blood amino add, 
672,804 

effect on blood glucose, 223, 235, 238, 
242 

effect on blood nonproteto nitrogen, 

692 

effect on blood urea, 672, 801 
effect on carbohydrate metabolism, 
223,238 

effect on hexoktoase, 221 
effect on liver glycogen, 238 
effect on protein metabolism, 238, 
240, 241, 672 

effect on respiratory quotient, 223, 238 
effect on serum lipid, 501 
fatty liver from, SOI, 502 
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hypoglycemic action, 242 
ketosis from, 223, 238, 501 
effect of adrenalectomy, 502 
species differ in reaction to, 238 
cachexia, basal metabolism In, 61 
blood glucose in, 336 
carbohydrate metabolism in, 336 
glucose tolerance in, 336 
insulin sensitivity in, 336 
17-ketosteroids of urine in, 594 
protein metabolism in, 674 
relation to malnutrition, 60 
diabetes, 223, 240 
* carbohydrate prevents, 240 
insulin prevents, 240 
phlorizin prevents, 240 
effect on carbohydrate metabolism, 60, 221, 
235 

effect on specific dynamic action of foods, 
34,60 

infantilism, 337 

irradiation, treatment of diabetes by, 326 
obesity, 41, 42 

posterior, antagonist to epinephrine, 221 
effect on carbohydrate metabolism, 234 
effect on liver fat, 503 
effect on liver glycogen, 235, 503 
effect on protein metabolism, 671 
effect on serum lipid, 503 
insulin antagonist, 235 
removal, carbohydrate metabolism after, 
223,235 

effect after pancreatectomy, see also 
Dog, Houssay, 222, 235, 237 
effect of epinephrine on blood glucose 
after, 236 

glucose of blood after, 223, 235 
glucose tolerance after, 236 
glycogen of liver and musde after, 236 
insulin sensitivity after, 221, 235 
protein metabolism after, 636, 671 
serum lipid after, 500, 502 
urine creatinine after, 671 
Pituitrin, see also Pituitary, posterior 
effect on blood Urea in diabetes insipidus, 
351 

effect on urea clearance, 85 1 
Plasmapheresis, effect on serum cholesterol, 
482 


Pneumonia, blood creatinine in, 915 
blood lactic add in, 353 
blood nobprotein nitrogen in, 680 
blood uric add in, 976 
metabolism in, 65 
protein metabolism in, 65 
Polycythemia, basal metabolism in, 72 
blood uric add in, 976 
Polypeptides, absorption, 793 
in blood, 634, 7 93, S00, SOS 
Polysaccharides, digestion of, 103 
nature, 101 

Posterior pituitary, see Pituitary, posterior 
Potassium, excretion in dehydration, 663 
salts, effect on carbohydrate metabolism, 
260 

toxic effect of, 697 

Pregnancy, basal metabolism in, 61 
blood amino add in, 806 
blood glucose in, 196 
blood ketones in, 5 36 
blood lactic add in, 207 
blood nonprotein nitrogen in, 666 
blood organic add in, 207 
blood urea in, 666, 850 
blood uric acid in, 966 
carbohydrate metabolism in, 196 
effect on diabetes, 339 
estrogenic activity of urine in, 594, 596 
glucose threshold in, 196 
glucose tolerance in, 196 
glycogen of liver in, 197, 503 
glycosuria in, 196 
histidine in urine in, 779 
ketosis of, 508 

17-ketosteroids of urine fn, 593 
lactosuria in, 197 
plasma prothrombin in, 619 
pregnanediol of urine in, 597 
protein metabolism in, 62, 665 
serum base in, 508 
serum bicarbonate in, 508 
serum lipid in, 507 

toxemias, blood and urine uric acid in, 975 
blood creatinine in, 915 
blood glucose in, 340 
blood lactic add in, 341 
blood nonprotein nitrogen in, 707 
blood urea in, 862 
carbohydrate metabolism in, 340 
glucose in treatment of, 340 
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Pregnancy, toxemias — Coni. 
glucose tolerance in, 3-10 
insulin in treatment of, 340 
ketosis in, 536 
scrum lipid in, S36 
urea clearance in, 662 
uric acid clearance in, 975 
urine ammonia in, 887 
urea clearance in, 666, 851 
urine ammonia in, 887 

wm utmgof, hypcgiyctmh in, 340 

ketosis in, 340 

Pregnancdiol, conjugated in liver, 597 
from adrenal cortex, 593 
from cholesterol, 590 
from desaxy corticosterone, 598 
from progesterone, 597 
in unne, in Addison’s disease, 598 
in adrenocortical syndrome, 593, 6Q1 
in pregnancy, 597 
normal female, 597 
structure and nature, 595 
Progesterone, effect on carbohydrate metab- 
olism, 248 

from adrenal cortex, 601 
prtgnanediol from, 597 
prolongs life after adrenalectomy, 60i 
structure and nature, 595 
Prolme, formed from ornithine, 759, 78j 
glycogen formed from, 760 
not essential, 759 
structure, 737, 759 

rroplonic arid, glycogen formed from, 139, 
140,446,449 

Proslatic secretion, glucose in, 157 
Protamine insulin, sec Insulin, protamine 
Protein, absorption, 23, 638 
after pancreatectomy, 670 
in diarrhea, 23, 642, 683 
fn pancreatic disease, 638, 642, 670, 683 
In steatorrhea, 683 

amino add substituted for, 640, 795, 810 
amino adds in, 632 
ammonia formed from, 633 
caloric value, 4, 5, 7 
in diabetes, 66 

carbohydrate formed from, 21, 141, 649 
carbohydrate in, 101 
combustion, CGi produced in, 6, 7 , 14 
oxygen consumed in, 6, 7, 14 
water produced in, 6, 14 


deficiency, cause of malnutrition, 36, 6S9 
"deposit,” 652 
differentiation of, 733 
digestion after pancreatectomy, 638 
digestion of, 638 
effect on blood glucose, 175 
effect on lcetosis, 493 
effect on respiratory' quotient, 36 
effect on urine atatine, 911, 913 
fat formed from, 22, 409, 444, 446 
foimahon 5mm amino acids, 73} 
formation from ammonia, 873 
glucose formed from, 21, 141 
glycogen formed from, 141, 143 * 

hydrolysate injections, as substitute for 
protein, 809 

effect on blood and urine amino arid, 802 
In diet, effect on blood and urine uric acid, 
963 

effect on blood nonprotein nitrogen, 27, 
645,647 

effect on blood urea, 794 
effect on fecal nitrogen, 23, 641, 647 
in treatment of diabetes, 317, 685, 687 
in treatment of gout, 972 
in treatment of nephritic edema, 695, 69S 
in treatment of obesity, 43, 661 
in milk, 667 

ingestion, blood amino arid after, 792, 793, 
802 

injurious to kidney, 695 
iodinatcd, thyroid activity of, 771 
ketone formation from, 446, 731, 741 
hpotrophic action, 427, 433 
metabolic end-products of, 612 
metabolism, after adrenalectomy, 246, 669 
after hemorrhage, 676 
after hypophysectomy, 236, 671 
after pancreatectomy, 217, 219, 670, 68S 
after traumatic injuries, 65, 677, 678 
effect of adrenal cortex extracts, 247, 669 
effect of age, 665 
effect of dehydration, 662 
effect of drugs and poisons, 674 
effect of epinephrine, 669 
effect on growth hormone, 236, 242, 672 
effect of Insulin, 219, 225, 6SS 
effect of iodine, 674 
effect of light, 661 
effect of phlorizin, 255, 675, 685 
effect of pituitary, 671 
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effect of pituitary extract, 238, 240, 241, 
672 

effect of posterior pituitary, 671 

effect of proteinuria, 694 

effect of temperature, 662 

effect of testosterone, 670, 674 

effect of thyroid, 49, 668 

effect of vitamins, 674 

effect on blood urea, 837, 838 

effect on urine ammonia, 654, 879 

in acromegaly, 674 

in Addison’s disease, 669 

in anemia, 676 

in basophilism, 670, 674 

in carbohydrate starvation, 650 

in dehydration, 662, 663 

In diabetes, 66, 67, 301, 303, 322, 685 

in diarrhea, 683 

in exerase, 45, 663 

in fever, 65 

in gastrointestinal obstruction, 682 
in heart failure, 684 
in hyperthyroidism, 49, 56 , 668 
in infections, 65, 653, 678 
in ketosis, 38, 66, 322, 453, 619, 685 
in lactation, 62, 666 
in liver disease, 675 
in malnutrition, 36, 37, 659 
in mercury poisoning, 705 
in nephritis, 75, 687, 689 
in nephrosclerosis, 702 
in pituitary cachexia, 674 
in pneumonia, 65 
in pregnancy, 62, 665 
in puerperium, 666 
in shock, 677 

in starvation, 38, 178, 648 
in Uremia, 691 
minimum, 614, 651 

nonprotein nitrogen of urine as measure 
of, 613, 645, 61 6 
of Houssay dog, 237 
of muscle, 798 

relation to urine creatinine, 641 
relation to urine uric add, 644 
role of acetic add in, 128 
minimum requirement for nitrogen equi- 
librium, 654, 796 
molecular weight, 732 
nature and structure, 631, 732 
nitrogen in, 632, 654 


nutritive value, 654 
of liver, 653 

of serum, effect of protein in diet on, 701 
in diabetes, 5l0 
in infections, 653 
in malnutrition, 660 
in starvation, 618 
lipid combined with, 415 
nutritive function of, 610 
of urine, effect of diet protein on, 694, 701 
relation to protein ’metabolism, 694 
phospholipid adsorbed by, 383 
prosthetic groups in, 734 
requirement, 647, 654, 656 
for growth, 657, 659, 665 
in childhood, 659 
in diabetes, 3l7, 685, 687 
in infancy, 659 
in lactation, 666 
in nephritis, 698, 699, 700 
in pregnancy, 665 
reserves in liver, 649, 653, 660 
respiratory quotient, 7, 8, 632 
retention in hypothyroidism, 668 
sparing action, of carbohydrate, 37, 617, 
619,652,654,656 
of cystine, 655, 761, 783 
of fat, 37, 617, 619, 652, 654, 656, 661 
of ketosis, 453 

of tryptophane, 656, 761, 7 83 
of tyrosine, 656, 761, 783 
of yeast, 656 

spedfic dynamic action of, 33 
storage of, 617, 652 
Proteinuria, see Protein of urine 
Prothrombin, defidency, see Hypoprothrom- 
binemia 

of plasma in pregnancy, 619 
Psychoses and psychoneuroses, basal metab- 
olism in, 63 

blood glucose and glucose tolerance in, 254 
serum hpid in, 517 
Puerperium, basal metabolism in, 62 
protein metabolism in, 666 
Purine bases, in coenzymes, 120, 041 
in nudeotides, 938 
structure, 937 

uric add formation from, 946, 959 
Purines, content of foods, 962 
effect on blood and urine uric add, 960, 963 
in gout, 970 
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Purines — Cent. 1 

from ammonia, 945 

methylated, effect on uric add determins* 
tion, 967 

synthesis in body, 944, 948 
Pyelonephritis, see also Kidney, surgical 
conditions of 
urea clearance in, 861 

Pyloric obstruction, see also Gastrointestinal 
obstruction 

blood nonprotein nitrogen in, 6S2, 691 
Py ra noses, 99, 100 

Pyridoxme, defidency, xanthurenic add in 
urine in, 773,774 
fatty liver from, 433 
Pyrimidine bases, in coenzymes, 120, 941 
structure, 938 

Pyrimidines, from ammonia, 945 
synthesis, 944, 948 

Pyruvic add, acetic add from, 128, 129, 408, 
414 

action of thiamin with, 122, 208, 250 
alanine formed from, 750 
fixation of CO, by, 129 
formation, 118 
functions, 122, 123 
glycogen formed from, 128, 140 
lactic add formed from, 118 
of blood, after hemorrhage, 261 
effect of exerdse, 203 
effect of glucose, 208 
in diabetes, 316 
in thiamin defidency, 209, 250 
normal, 208 

of urine, in thiamin defidency, 209, 250 
oxaloacetic add formed from, 120, 125, 209 
oxidation, 122, 125, 126, 127 

Rabbit, effect of pancreatectomy, 217, 219 
Race, effect on basal metabolism, 32 
effect on blood glucose, 165 
effect on serum lipid, 476 
Radiation, heat lost by, 10, 12 
Raffinose, excretion by kidney, 133 
Rat, effect of pancreatectomy, 66 
Reduang substances, in blood, ergothioneine 
and glutathione, 159 
in blood, non-glucose, 155, 159 
fa feces, 23 

Regional enteritis, steatorrhea In, 520 
Renal diabetes, see Glycosuria, renal 


Renal function, see Kidney 7 , function of 
Respiration, effect of epinephrine, 60, 245 
effect on COj elimination, 11, 24 ’ 1 

in diabetic ketosis, 322, 511 > 

Respiratory quotient, after pancreatectomy, 
217 

definition, 7 ’ 

effect of acid-basc balance, 24. 25 ' 

effect of ammonium chloride, 24 

effect of carbohydrate, 35 

effect of dihydioxyacetone, 36, 136 

effect of epinephrine, 40, 60, 244 

effect of fat, 36 

effect of fructose, 35, 136 

effect of glucose, 35 

effect of hot baths, 43 

effect of maltose, 35 

effect of morphine, 64 

effect of overventilation, 24 

effect of pituitary extract, 223, 238 

effect of protdn, 36 

effect of sucrose, 35, 136 

in benign glycosuria, 69 

in diabetes, 67, 68, 69, 296, 308 

in exerdse, 25, 26, 45, 47, 43, 49 

in hyperthyroidism, 51, 338 

in obesity, 40 

in starvation, 38, 39, 649 

nonprotein, 8 

of acetnacetic add, 39 

of adipose tissue, 19 

of alcohol, 64 

of 0-hydroxybutync add, 39 
of brain, 138 

of carbohydrate, 7, 8, 9 , 135 
of conversion of carbohydrate to fat, 16, 
18, 131, 135 

of conversion of fat to carbohydrate, 20 

of diabetic musde, 116 

of fat, 7, 8, 9, 135 

of heart, after pancreatectomy, 222 

of Iloussay dog, 237 

of ketone formation, 21 

of liver, 440 

of mammary gland, 467 

of phlorizinized animal, 256 

of protein, 7, 8, 9, 632 

of testes, 138 

Retinene, from vitamin A, 609 
Rhamnose, absorption, 104 
/-Rhamnose, utilization, 107 
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Rheumatic heart-disease, see Heart disease, 
rheumatic 

Rhodopsin, from vitamin A, 609 , 

Ribodesose, in thymus nucleic acid, 93? 
Riboflavin, fa tty liver from, 433 ; 

in d-amino add oxidase, 745 , 

in coenzyir.es, 120, 941 j 

phosphate, structure, 942 
d-Ribose, in nucleins, 101, 213 
in urine in pentosuria, 213 
structure, 99 
utilization, 107 
Roentgen-Ray, see X-ray 

Saccharides,, see Sugars 
Salicylates, effect on blood and urine uric 
add, 967 

melituria from, 189 
Saliva, ammonia in, 876 
urea in, 836 

Sarcosine, glydne from, 746 
Schizophrenia, insulin treatment, 254 
Schtlller-Christian disease, serum lipid in, 541 
Selenium, effect on carbob>dratf metabolism, 
257 

liver injury from, 257 
Semen, glucose in, 157 
Serine, cystine formed from, 752, 785 
glycine formed from, 746, 752 
glycogen formed from, 731, 751 
in cephalins, 382, 752 
d-isomer toxic, 429, 751 
not essential, 731, 751 
structure, 380, 738 

Sex, effect on basal metabolism, 30, 31, 32, 61 
effect on blood amino add, 803 
effect on blood glucose, 165 
effect on bleed uric add, 957 
effect on ketosis, 489, 494 
effect on serum lipid, 476 
effect on urine creatinine, 908 
glands, effect on basal metabolism, 60 
hormones, see also Progesterone and 
Testosterone 

effect on carbohydrate metabolism, 248 
effect on urine creatine and creatinine, 
925 

Shock, basal metabolism in, 74 
blood amino add in, 342, 808 
blood glucose in, 342 
blood nonprotein nitrogen in, 677 


blood urea in, 852 
in mercury poisoning, 705 
protein metabolism in, 677 
urea clearance in, 678, 853 
Simmond’s disease, see Pituitary cachexia 
Sitosterol, 397 

Skatole, formation from tryptophane, 775 
Skin, diseases, serum lipid in, 538 
glucose in, 158 

lesions from essential fatty add defiaency, 
407,425 

Sleep, effect on basal metabolism, 28 
Soap, nature of, 375 

Sodium, benzoate, effect on blood and urine 
uric add, 967 

bicarbonate, effect on COi elimination, 24 
effect on urine ammonia, 883 
ketosis from, 495 

chloride, in treatment of mercury poison- 
ing, 70S 

depletion, effect on blood nonprotein nitro- 
gen, 663 

effect on blood urea, 850, 853 
effect on urea clearance, 850, 853 
in diabetic ketosis, 323 
retention in dehydration, 663 
salts, effect on carbohydrate metabolism, 
260 

after adrenalectomy, 246, 248 
in Addison’s disease, 337 
Solanum indicum, effect on carbohydrate 
metabolism, 259 

Sorbitan, excretion by kidney, 134 
Sorbitol, excretion by kidney, 134 
Sorbose, absorption, 107 
glycogen formed from, 140 
utilization, 107 
Species, effect on ketosis, 494 
Specific dynamic action, of amino adds, 33 
after hepatectomy, 34 
of carbohydrate, 33 
after thyroidectomy, 34 
of fat, 33 
of food, 33 

in obesity, 34, 40 '' 

pituitary and, 34, 60 
of protein, 33 
after starvation, 34 
-in hyperthyroidism, 34 
in hypothjToidism, 34 
in obesity, 34 , 40 
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Spermatocele fluid, glucose in, 157 
Sphingomyelin, choline in, 381 
distribution of, 383, 385 
fatty acids in, 382 
function, 385 

in lipid accumulations, in Niemann-Pick’s 
disease, 543 

of serum, In Niemann-Tick's disease, 543 
normal, 472 

role in blood coagulation, 386 
structure, 381, 382 
synthesis, 412 

Sphingosin, in cerebrosicfes, 382 
Spinal fluid, amino add in, 800 
ammonia in, 876 
autoglycolysis in, 162, 255 
creatinine in, 902 
fructose in, 200 
glucose in, in encephalitis, 255 
in meningitis, 255 
in syphilis, 255 
normal, 156 
glycolysis in, 156 
nonprotein nitrogen in, 636 
pressure reduced by glucose solutions, 157 
pressure reduced try sucrose solutions, 
157, 194 
urea in, 835 
uric add in, 636, 958 
Sprue, see Steatorrhea 
Starch, caloric value, 4, 5, 7 
chemical nature, 101 
dextrin formed from, 101, 114 
digestion, 103 
effect on blood glucose, 175 
Starvation, alkali deficit of, 38 
as cause of diabetic ketosis, 321 
blood amino add in, 803 
biood and urine urea in, 651 
blood and urine unc add in, 651, 964 
blood glucose in, 163 
blood ketones in, 486, 488 
blood nonprotein nitrogen in, 651 
caloric value of iat in, 38 
creatinuria in, 651, 913 
diabetes, in dog, 178 
in duck, 179 

induced by Insulin, 179, 226 
effect on blood glucose in infants, 165 
effect on carbohydrate metabolism, 178 
effect on cholesterol of adrenal cortex, 506 


effect on diaiieles, 303 
effect on glucose tolerance, 176 
effect on Jloussay dog, 222, 237 
effect on insulin action, 227 
effect on liver fat, 422, 485 
effect on fiver glj cogen, 144, 485 
effect on urea clearance, 850 
epilepsy treated by, 518 
fecal fat in, 402 
galactose tolerance in, 196 
glycogen depletion in, 38, 144, 649 
glycogen formation after, 176 
glycosuria after, 176 
hypoglycemia of, 163 
hypoglycemia of Houssay dog, 237 
ketosis, 38, 178, 649 
metabolism in, 38, 178, 619 
nitrogen: sulfur ratio in, 652 
protein metabolism in, 38, 178, 648 
respiratory quotient in, 38, 39, 649 
scrum bicarbonate in, 38 
scrum lipid in, 482, 485 
scrum protein in, 648 
spedfic dynamic action of protein after, 34 
urine ammonia in, 648, 65 1, 884, 885 
urine creatine in, 178, 651, 913 
urine creatinine in, 178, 651, 654 
urine ketones in, 178, 485 
urine nitrogen in, 178, 648 
urme urea in, 651 
urine uric acid in, 651, 964 
Stearic arid, structure, 375 
Steatorrhea, after pancreatectomy, 513, 519 
basal metabolism in, 38 
calcium absorption in, 521 
carbohj drate metabolism in, 350 
causes, 520 
fat absorption in, 519 
fatly liver from, 521 
fecal nitrogen in, 519, 683 
from regional enteritis, 520 
glucose tolerance in, 350 
osteoporosis from, 521 
pancreatic, fecal lipid in, 519 ■ 
fecal nitrogen in, 519 
protein absorption in, 683 
scrum lipid in, 520 
treatment of, 521 
vitamin D absorption in, 521 
vitamin K deficiency from, 620 
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Steroid hormones, from cholesterol, 389 
inactivated by liver, 4SS 
Steroids, distribution, 386 
from adrenal cortex, 248, 599 
nature, 386 

Sterols, see also Cholesterol 
absorption and digestion, 397, 399 
nature, 386 
of feces, 401 

Stilbestrol, effect on carbohydrate metab- 
olism, 248 

Stomach, absorption of glucose from, 103 
function, effect of histidine, 779 
lipase in, 393 

removal, fat absorption after, 518 
fatty liver after, 519 
urease in, 836, 876 
Stools, see Feces 

Succinic add, glycogen from, 140 
in carbohydrate oxidation, 125, 126, 127 
Sucrose, as diuretic, 194 
as measure of extracellular fluid, 194 
clearance of, 194 
digestion of, 103 
distribution in body, 110 
effect on blood glucose, 175 
effect on blood lactic add, 35, 108, 136 
effect on respiratory quotient, 35, 136 
effect on serum bicarbonate, 35, 136 
excretion by kidney, 106, 133, 194 
in blood not utilized, 106 
kidneys injured by, 157, 195 
spinal fluid pressure reduced by, 157, 194 
structure, 101, 102 
Sucrosuria, 214 

Sugars, see also Carbohydrate and Glucose 
absorption of, in hyperthyroidism, 51, 248 
aldehyde racbcles in, 97 
digestion of amylase, 103 
ketone radicles in, 97 
mutarotation, 100 
nature of, 97 

non-fermentable, in blood, 155, 159 
in urine, 188 
optical activity, 97 
oxidation of, 115 
Sulfate, from cystine, 781, 791 
from methionine, 784 
Sulfurtnitrogen ratio, in starvation, 652 
Sulfur, of urine, in exercise, 664 


Sunlight, see also Light, ultraviolet 
effect on basal metabolism, 33 
Suprarenals, see Adrenal 
Suprarenin, see Epinephrine 
Surface area, nomogram for calculation, 29 
relation to basal metabolism, 28 
tables for calculation of basal metabolism, 
31,32 

Sweat, ammonia in, 613 
creatinine In, 902 
nitrogen in, 637, 642, 693 
urea in, 643, 836 
uric add in, 959 
Sweating, effect of atropine, 52 
effect on heat loss, 16 

Sympathetic stimulation, effect on blood 
glucose, 252 

Synovial fluid, glucose in, 156 
nonproteia nitrogen in, 636 
Synthalin, treatment of diabetes with, 257 
Syphilis, spinal fluid glucose in, 255 
Syphilitic heart disease, see Heart disease, 
syphilitic 

Szent-Gj6rgi cycle of carbohydrate oxida- 
tion, 124 

Tachy sterol, structure, 390 
Takata-ara reaction, in tirrhosis of liver, 529 
Taurine, structure, 789 
Taurocholic add, 399, 788 
Tay-Sachs disease, 382, 543 
Temperature, effect of hypothalamus, 63 
effect on basal metabolism, 33, 43, 44 
effect on blood glucose, 166 
effect on protein metabolism, 662 
of body, maintenance of, 12, 44 
metabolism during change of, 44 
Testis, see also Sex glands 
carbohydrate sole fuel of, 138 
cholesterol esters in, 413, 506 
insulin not needed by, 221 
lipid metabolism of, 466 
respiratory quotient of, 138 
Testosterone, effect on protein metabolism, 
670, 674 

effect on serum lipid, 506 

effect on urine titrate, 210 

effect on urine creatine and creatinine, 925 

inactivated by liver, 492 

requirement, 594 

structure and nature, 591 
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Tetroses, nature, 97 
Theelin, see Estrone 

Thiamin, action with pyruvic add, 122, 208, 

250 

deficiency, blood lactic add la, 251 
blood pyruvate in, 209, 250 
glucose tolerance in, 251 
phenylpyruvic qdd in urine in, 763 
urine atrste in, 210 
urine pyruvate in, 209, 250 
effect on fat formation from carbohydrate, 

251 

effect on lipid metabolism, 497 
fatty liver from, 433 
structure, 942 

Thioneine, see Ergothioneine 
Thiouraal and Thiourea, effect on basal 
metabolism, 61 

in treatment of hyperthyroidism, 55 
Threonine, essential, 731, 752 
glycogen formed from, 752 
only d-isomer utilized, 753 
relation to threose, 730, 753 
structure, 73S 

Threose, threonine related to, 730, 753 
Thymine, structure, 938 
Thymus, nucleic add, structure, 939 
Tbyroglobulin, 52 
molecular weight, 639 
Thyroid, action of pituitary on, 56 
activity of iodized protein, 639 
disease, see Hyperthyroidism and Hypo- 
thyroidism 

effect on basal metabolism, 49, 53 

effect on blood and urine uric add, 965 

effect on blood nonprotein nitrogen, 668 

effect on carbohydrate metabolism, 249 

effect on diabetes, 339 

effect on euthyroid subjects, 53, 56 

effect on glucose tolerance, 250 

effect on lipid metabolism, 497 

effect on liver glycogen, 349 

effect on oxygen consumption of tissues, 49 

effect on protein metabolism, 49, 668 

effect on serum and urine creatine, 911, 923 

effect on serum lipid in nephrosis, 499, 532 

hormone, nature of, 52 

in treatment of hypothyroidism, 53, 5S 

in treatment of nephrosis, 74 

removal, blood amino add after, 801 


sped 6c dynamic action of carbohydrate 
after, 34 

treatment of diabetes by, 326 
Thyro trophic homone, and hyperthyroidism, 
5 S 

effect of iodine, 57 
effect on basal metabolism, 57 
effect on blood nonprotein nitrogen, 672 
effect on carbohydrate metabolism, 242 
in scrum and urine in thyroid disease, 53 
Thyroxin, by mouth, inactive, 639 
farmed from tyrosine, 770 
structure, 771 
Tissues, amino add in, 801 
glucose in, 109, 137 
nonprotein nitrogen in, 636 
urea in, 836 
uric add in, 958 
Tocopherol, see Vitamin E 
Transfusion reactions, blood nonprotein 
nitrogen in, 706 
Transudates, creatinine in, 902 
glucose in, 156 
lipid in, 415 

nonprotein nitrogen in, 636 
urea in, 836 
uric acid in, 958 

Traumatic injuries, blood amino add after, 
80S 

blood glucose after, 342 
blood Urea after, 85 J 
carbohydrate metabolism after, 342 
effect on diabetes, 34Z 
protein metabolism after, 65, 677, 678 
Tricarboxylic add cycle of carbohydrate 
metabolism, 120, 125, 126 
Trietbylcholine, hpotrophic action, 427 
Triglyceride, see Fat 
Trigonelline, from nicotinamide, 434 
from nicotinic acid, 784 
methyl from methionine, 784 
Triose, nature, 97 
Triose mutase, action, 117 
Tryptophane, deficiency, pathology and 
symptoms, 772 
essential, 771 
indican from, 775 
indole and sLatole from, 775 
d-isomer utilized, 773 

kynurenie add and ltynurenine from, 773, 
774 
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metabolism of, 772 
protein-sparing action, 656, 76 (, 783 
structure, 737, 771 
xanthurenic add from, 773 
Tuberculosis, blood lactic add in, 353 
Tuberculous enteritis, steatorrhea in, 520 
Tyramine, from tyrosine, 769 
structure, 770 
vasopressor action, 769 
Tyrosine, alcaptonuria from, 761 
ascorbic add in metabolism of, 762, 764 
diiodotyrosine from, 770 
epinephrine from, 770 
from phenylalanine, 7 GO 
glycogen from, 763 
homogen tisic add from, 761 
^-hydroxyphenylpyruvic add in urine 
from, 763 

in urine in liver disease, 7 68 
ketone formation from, 447, 449, 762, 763, 
767 

. m elanins from, 769 

metabolism in tyrosinosis, 764 
metabolism, summary, 765, 766 
not essentia], 731, 739, 760 
phenol formed from, 767 
protein-sparing action, 656, 761, 783 
structure, 737 
thyroxin from, 770 
tyramine from, 769 
Tyrosinosis, 764 

Ultraviolet light, see Light, ultraviolet 
Uranium, glycosuria from, 259 
Urea, as cause of uremia, 836 
clearance, after crush injuries, 853 
after hemorrhage, 676, 853 
as measure of kidney function, 844, 858 
calculation, 842 
definition, 841 
determination of, 845 
effect of age, 848 
effect of dehydration, 850 
effect of epinephrine, 851 
effect of exerdse, 850 
effect of low protein diet, 697, S50 
effect of pituitrin, 851 
effect of sire, S48 
effect of sodium depletion, 850, 853 
effect of starvation, 850 
in adrenocortical syndrome, 852 


in basophilism, 852 
in diabetic ketosis, 686 
in heart disease, 854 
in hydronephrosis, 86 1 
in nephritis, acute, 689, 859 
chronic, 690, 861 
diagnostic value, 857 
effect of urine volume, 857 
relation to blood creatinine, 917 
relation to blood urea, 856 
relation to phenolsulfonephthalein 
test, 859 

in nephrosclerosis, 861 
in nephrosis, 860 
in pregnancy, 666, 851 
in pregnancy toxemias, 862 
in pyelonephritis, 861 
in shock, 678, 8S3 
maximum, 841, 843 
maximum, normal values, 846 
relation to creatinine dea ranee, 904 
in nephritis, 918 

relation to glomerular filtration, 848 
standard, 841, 843 
standard, normal values, 847 
variability, 843 

concentration in urine as test of renal 
function, 845 
dehydration from, 836 
diffusibility of, 836 
distribution in blood, 635, 846 
distribution in body, 636, 835 
diuretic effect, 701, 844, 862 
excretion, augmentation limit of, 840 
by kidneys, 840 

formation, from amino add, 633, 741, 794 
from ammonia, 633, 798, 839, 873, 874 
from arginine, 780, 781, 840, 874 
from glutamine, 757, 758, 781, 840 
formed by nrginase, 780, 781, 794, 840 
formed by dtrulUne, 780, 781, 840 
, formed by ornithine, 780, 781, 840 
forming enzymes in liver, 794 
function of, 632 
in aqueous humor, 835 
in bile, 836 
in feces, 642 
in liver, 794, 839, 873 
in lymph, 836 
in pancreatic juice, 836 
in saliva 836 
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Urea — Co til, 
in spinal fluid, 835 
in stomach, 836 
in sweat, 613, 836 
in tissues, 836 
in transudates, 836 
o( blood, after adrenalectomy, 852 
alter crush injuries, 8S3 
alter hemorrhage, 853 
alter hepatectomy, 675, 839 
after nephrectomy, 703 
alter traumatic injuries, 853 
effect of dehydration, 662, 852 
effect of diet, 849 
effect of diuresis, 662, 690 
effect of pituitary extract, 672, 804 
effect of piiuitrin in diabetes insipidus, 
851 

effect of protein ingestion, 794 
effect of sodium depletion, 850, 853 
m acute yellow atrophy of liver, 675, 
794, 839, 854 
in Addison’s disease, 852 
in adrenocortical syndrome, 852 
in basophilism, 852 
in diabetes insipidus, 851 
in gastrointestinal obstruction, 853 
in gout, 969 
in heart disease, 854 
in infections, 680, 853 
in liver disease, 675, 854 
in malnutrition, 660 
in mercury poisoning, 974 
in nephritis, 6S8, 855, 859 
relation to blood Creatinine, 916 
relation to nonprotein nitrogen, 689 
in pregnancy, 666, 850 
in pregnancy toxemias, 862 
in shock, 852 
in starvation, 651 
in yellow fever, 676, 837, 854 
normal concentration, 635, 846 
relation to protein metabolism, &$7, g 3g 
relation to urine volume, 662 
of plasma, relation to urine urea, 84 1 
relation to urine volume, 842 
of Urine, after hepatectomy, 675, 839 
effect of diet, 849 
effect of diuresis, 662 
in acute yellow atrophy of liver, 676, 
838,854 


in infections, 680 
in starvation, 651 
maximum concentration, 843 
relation to ammonia, 879 
relation to nonprotein nitrogen, 644 
relation to protein metabolism, 644, 615 
structure, 835 
toxic effects, 836 
utilisation of, 837 
Urea se, in stomach, 836, 876 
Uric add, add properties of, 949 
allantoin formation from, 960 
clearance, 962 
in gout, 970 

in pregnancy toxemias, 975 
combined, 939 
in blood, 955 

concretions in gout, nature, 956, 969 
deposits in urine in infancy, 966 
destruction in body, 960 
dissociation constant, 949 
distribution in blood, 635, 958 
endogenous, source, 959 
excretion by kidney, 962 
excretion in birds, 944 
from ammonia, 944 
from purine bases, 946, 959 
from purines, 959 
In exudates, 958 
in feces, 959 

in gastrointestinal fluids, 961 
in renal calculi, 956 
in spinal fluid, 636, 958 
in sweat, 959 
in tissues, 93S 
in transudates, 958 
of blood, after nephrectomy, 703 
determination, 957 
effect of age, 966 
effect of chloroform, 967, 975 
effect of cincophen, 965, 967 
effect ol diet, 963 
effect of epinephrine, 968 
effect of exercise, 96S 
effect of fat feeding, 964 
effect of insulin, 968 
effect of ketosis, 511, 964, 96S 
effect of neodneophen, 967 
effect of pipenmne, 967 
effect of protein feeding, 963 
effect of purines, 963 
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Vitamin A— Coni. 

Jy^oprothroittUBeiiaa from, 615 
of serum, effect of carotene, 610, 611 
effect of vitamin A on, 6il 
in infections, 615 
in liver disease, 612 
normal, 610 
requirement, 609 

retinene and rhodopsin formed from, <X)9 
sources, 609 

structure and nature, 607, 60S 
Vitamin, antirachitic, absorption of, 391, 399 
absorption in steatorrhea, 521 
calciferol, 390 

deficiency, after pancreatectomy, 514 
effect of ultraviolet light on, 389, 392 
from 7-deb} dmcholcstcrol, 391, 413 
from ergosterol, 390 
general structural formula for, 391 
la feces, 406 
nature, 3S9 
oripn, 390 

relation to cholesterol, 389 
stored In liver, 453 
structure, 390 

Vitamin 0, effect on basal metabolism, 37 
Vitamin Bi, see Thiamin 
Vitamin C, 496 

Vitamin D, see Vitamin, antirachitic 
Vitamin E, 392, 496 
deficiency, chloride ol muscle ui, 615 
crealinuria m, 922 
pathology, 615 

structure and nature, 614, 615 
Vitamin K, 392, 496 
deficiency, after hepatectomy, 622 
after pancreatectomy, 514 
from biliary olstruction, 620, 621, 
from steatorrhea, 620 
hypoprothrombinemia from, 617 
in liver disease, 62], 622 
neonatal, 618 

endogenous production, 618 
hypoprothrombinemia treated by, 615 
requirement, 618 
structure and nature, 616, 617 
substitutes, water soluble, 621 
Vitamins, effect on amino acid of blood, 804 
effect on carbohydrate metabolism, 250 


effect on lipid metabolism, 496 
effect on protein metabolism, 674 
Vomiting, effect on scrum lipid, 518 
ketosis from, 518 

Von Gierke’s disease, see Glycogenosis 

Warburg cofermcnt, structure, 941 
Water, balance, calculation of, 15 
deprivation, effect on blood nonprotciu 
nitrogen, 663 

estimation of metabolism from evapora- 
tion of, 12 

heat of vaporization of, 12, 13 
insensiLlt, 13 

loss of vaporization, 10, 12, 43 
in thyroid disease, 51 
of oxidation, 14 

produced in combustion of carbohydrate, 
5,14 

produced in combustion of fat, 6 , 14 
produced in combustion of protein, 6, 14 
Weight, relation to basal metabolism, 23 
White snake root poisoning, hypoglycemia, 
ketosis and lipemia in, 258 
Work, see Exercise 

Xanthine, structure, 946 
Xanthomatosis, 539 
diabetic, 514 
serum lipid in, 540 

Xanthurenic add, from rf-tryplophane, 773 
in urine in pyridoxine deficiency, 773, 774 
X-ray, in treatment of hyperthyroidism, 55 
d-Xylokctose, in wine in pentosuria, 213 
7-XjJoketosf, iD urine in pentosuria, 107, 213 
Xylose, absorption, 105, 249 

effect of monoiodoacetic add, 105 
in hyperthyroidism, 249 
clearance of, 194 
distribution in body, 110 
excretion by kidney, 133 
d-Xylose, glycogen formed from, 140 
structure, 99 
utilization, 107 

/-Xylose, in urine in endogenous pentosuria, 
213 

d-Xytulose, glycogen formed from, 140 
1-Xylulose, in urine in pentosuria, 107 
structure, 99 
utilization, 107 
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